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Chapter 1 
General Introduction 

1.1 THE CREATINE KINASE / PHOSPHOCREATINE SYSTEM: PROTEINS, ASSIGNED 
FUNCTIONS AND GENETIC CONSTITUTION 
Introduction 
Cell division, generation of (body) heat, neurotransmission, sliding of contractile proteins for cell 
motility or muscle activity, and the maintenance of ionic gradients are only a few examples of 
complex energy-consuming processes which are essential to higher organisms. This energy is largely 
contained within dietary carbohydrates and fats, compounds that must be metabolized to generate 
adenine triphosphate (ATP), the universal energy-rich molecule of prokaryotic and eukaryotic cells. 
The major pathways used by higher organisms to generate cellular ATP are glycolysis and 
mitochondrial oxidative phosphorylation (OXPHOS). Whenever energy is required, ATP is 
hydrolyzed to adenine diphosphate (ADP) and inorganic phosphate (PJ by various ATPases (Stryer, 
1981). 
A fundamental problem faced by cells with high and fluctuating energy demands is that they must 
continually match their energy production to the variations in energy requirements. Simply raising 
intracellular ATP concentrations would be an undesirable alternative, since local concentrations of 
adenine nucleotides and ATP/ADP ratios, are key regulatory parameters that can influence many 
fundamental processes. Therefore, control networks are required to coordinate the flux of energy 
between sites of energy production and utilization and in the course of evolution systems have 
developed which optimally maintain the proper energy balance. One of these systems is supported 
by the creatine kinase (CK) isoenzyme family, whose members are partially localized within the cell 
to sites of high energy turnover. CK enzymes exert their effect via the reversible exchange of high-
energy phosphate between ATP and phosphocreatine (PCr): MgADP" + PCr2" + H+ < = > 
MgATP2- + Cr. 
The CK/PCr system: components and functions 
In birds and mammals, five CK isoenzymes have been identified (Eppenberger et al., 1967; 
Hossle et al., 1988; Wallimann et al., 1992). These isoforms are expressed tissue-specifically, and 
also vary with regard to their intracellular sublocalization. Three of the five CKs are cytosolic 
enzymes which exist as dimers composed of the M (for muscle) and В (for brain) subunits. They 
assemble into the homodimeric CKMM and CKBB, or the heterodimeric CKMB isoenzymes, with 
molecular weights varying from 80-86 kDalton (kD) (Wallimann et al., 1992). CKMM is 
predominantly found in mature skeletal and cardiac muscle (Burger et al., 1964; Eppenberger et al., 
1967). CKBB activity is highest in brain and neural tissue, embryonic cardiac and skeletal muscle, 
and in a large array of cells with very specialized functions such as photoreceptor cells of the retina, 
spermatozoa, smooth muscle cells, placenta, and epithelial cells of uterus, kidney and intestine 
(Eppenberger et al., 1964; Iyengar and Iyengar, 1979; Wallimann et al., 1986a and 1986b; Ikeda, 
1988; Wegmann et al., 1991; Friedman and Perryman, 1991; Ishida et al., 1991). The CKMB 
isoform is mainly found during embryonic development of striated muscle when, a transition from 
CKBB to the CKMM isoforms takes place (Hall and DeLuca, 1975; Perriard et al., 1978 and 1989; 
Trask et al., 1988), and in the adult mammalian heart. A large fraction of the cytoplasmic CKs is 
found free in the cytosol, but significant amounts are associated with membrane or protein structures 
(Turner et al., 1973; Friedhof and Lerner, 1977). What determines this ambiquitous behaviour is 
still unknown. 
The remaining two CK isoforms are distinct subtypes which are specifically located in the 
mitochondrial intermembrane space: the ubiquitous (UbCKmit) and sarcomeric (ScCKmit) CKmit 
7 
(Jacobs et al., 1964; Jacobus and Lehninger, 1973; Hossle et al., 1988). The mature CKmit subunit 
has a molecular mass of ± 42 kD and assembles into stable dimeric and octameric molecules, with 
molecular masses in mammals of 75-89 kD and 317-377 kD, respectively (Schlegel et al., 1988; 
Hall et al., 1979; Kanemitsu et al., 1982). Tissue-specific expression of the CKmit isoenzymes 
largely parallels the cytosolic CK expression patterns. Typically, the ScCKmit is expressed in 
striated muscle tissue, always in conjunction with M-CK subunits, while UbCKmit is expressed in 
those cells and tissues where B-CK is active. Generally, tissues with high aerobic capacities also 
display a higher contribution of CKmit to the total CK activity, but their relative proportions vary 
considerably among tissues and species (e.g. 0.5-15% of total CK activity in brain, 10-15% in 
kidney, 10-35% in heart, 1-2% in total skeletal muscle) (see Wallimann et al., 1992 and Wyss et 
al., 1992 for reviews). 
The multifaceted nature of the CK/PCr system not only renders it a highly interesting research 
subject, but has also complicated the elucidation of the biological significance of the system. It is 
generally accepted that the CK system functions as a "temporal energy buffer" (Meyer et al., 1984). 
During periods of high cellular activity, the large pools of creatine (Cr) and phosphocreatine (PCr) 
are able to continuously replenish ATP and to prevent a rise of ADP levels (Mommaerts, 1969; 
McGilvery and Murray, 1974; Balaban et al., 1986). For example, at the onset of muscular activity 
the large intracellular pool of PCr serves as an immediate donor of energy rich phosphoryls, thus 
preventing a fall in the concentration of ATP (Cain and Davies, 1962). The CK/PCr system is also 
proposed to function as a "spatial energy buffer", connecting sites of energy production, e.g. 
mitochondrial oxidative phosphorylation and glycolysis, with sites of energy utilization (Bessman 
and Geiger, 1981; Bessman and Carpenter, 1985; Wallimann et al., 1992; Wyss et al., 1992). If 
there is subcellular compartmentalization of the CK isoenzymes with physical and functional 
association with sites of energy production and consumption, PCr may also serve as an energy 
carrier (Jacobus and Lehninger, 1973; Wallimann et al., 1977a, 1977b, and 1989; Levitsky et al., 
1978; Saks et al., 1976a and 1985; McCIellan et al., 1983; Iyengar, 1984; Savabi et al., 1984; 
Jacobus, 1985; Ventura-Clapier et al., 1987). This concept is supported by evidence indicating that 
the concentrations of the CK substrates, adenine nucleotides and creatine may be subject to local 
variation (Gudbjarnason et al., 1970; McLellan and Vinegrad, 1983; Geisbuhler, 1984). According 
to this model, PCr production is catalyzed at the intracellular sites of ATP production: at the 
glycolytic complex by cytosolic CKMM, -MB, and -BB (Wallimann et al., 1989; Wegmann et al., 
1992) and in the mitochondrial intermembrane space by mitochondrial CK (see Wyss et al., 1992). 
The PCr thus produced migrates to other sites within the cell, where its hydrolysis by cytosolic CKs 
provides ATPases with sufficient amounts of ATP. Creatine produced during this process is shunted 
back to the sites of ATP production for rapid rephosphorylation. Both creatine and phosphocreatine 
are presumed to be better diffusion metabolites than ATP and ADP, based on their smaller size and 
lower negative charge (Jacobus, 1985; Yoshizaki et al., 1990). Moreover, the concentrations of PCr 
and Cr are much more liable to fluctuations than the levels of ATP and ADP (Gudbjarnason, 1970). 
PCr and Cr are therefore considered to be good candidates for cytosolic "transducers" that couple 
production and use of high energy phosphoryls to achieve a steady state. Until now, experimental 
evidence for a functional CK-shuttle in vivo has only been demonstrated for sea urchin spermatozoa 
(Tombes and Shapiro, 1985; Tombes et al., 1987). Increasing specific inhibition of CK activity in 
these highly polarized cells results in the progressive loss of flagellar bending. Because the distal 
tip is affected first and most, it would appear that the distance between the mitochondrion and the 
dynein ATPase is too great for ATP diffusion to support sperm motility. Another important function 
of the CK/PCr system is to increase the thermodynamic efficiency of intracellular energy 
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metabolism by maintaining optimal local ATP/ADP ratios for energy production and consumption 
(Kammermeier, 1987). High local concentrations of ADP for stimulation of mitochondrial OXPHOS 
are provided by CKmit through rapid turnover of ATP into PCr and ADP (Jacobus and Lehninger, 
1973). Similarly, at sites of ATP consumption, high local ATP/ADP ratios in the vicinity of 
ATPases are energetically favourable and supported by functional and kinetic coupling of CK 
(Wallimann et al., 1984; Krause and Jacobus, 1991; Zweier et al., 1991; Korge et al., 1993). 
Figure 1. The phosphocreatine circuit model of intracellular energy homeostasis. Four major compartments of 
creatine kinase are shown: strictly soluble creatine kinase (CKC) which catalyzes the free equilibration of the 
cytosolic ratios of phosphocreatine (PCr)/creatine (Cr) and ATP/ADP; cytosolic creatine kinase (CIC), which 
couples glycolysis to PCr production; "cytosolic" creatine kinase (CK,) associated with subcellular sites of high 
and fluctuating ATP consumption, such as the myofibrils and the sarcoplasmic reticulum in muscle; and 
mitochondrial creatine kinase (Mi-CK), which is functionally coupled to oxidative phosphorylation. According 
to this model, small pools of ATP and ADP turn over rapidly and in opposite directions at sites of 
phosphocreatine production (bottom and middle) and consumption (top); these sites are coupled by creatine 
kinase and the phosphocreatine/creatine difftisional pathways. Note that the relative pool sizes of 
phosphocreatine and creatine are much larger than those of the adenine nucleotides. Reprinted with kind 
permission from Dr. T. Wallimann, (1994) Current Biology 4, 42-46. 
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Furthermore, the CK/PCr system prevents a rise in intracellular ADP concentrations. High levels of 
ADP trigger the adenylate kinase reaction (2 ADP < = > ATP + AMP) and lead to a cascade of 
metabolic conversions that may ultimately cause the net loss of adenine nucleotides (Iyengar, 1984). 
Proton buffering is also considered an important aspect of CK function. H+ produced by ATP 
hydrolysis during work performance is utilized in the forward CK reaction, i.e. in the direction of 
ATP synthesis (Edström et al., 1982; Meyer et al., 1986). Finally, coupling of the CK reaction with 
ATPase activity results in a net production of P„ which is a potent activator of glycogenosis and 
glycolysis (Davuluri et al., 1981; Meyer et al., 1986). The versatile nature of the CK/PCr system 
assumes it to play a multi-faceted role within the complex network of cellular energy homeostasis. A 
schematic model of the nodal points in this network is given in figure 1. 
Evolutionary origin of the CK family members 
The creatine kinases belong to the group of guanidino kinases which are found throughout the 
animal kingdom (Watts, 1971). While CKs are the sole guanidino kinases in vertebrate tissues, 
arginine kinase (ArgK) is the most prominent representative in invertebrates. An exception is found 
in invertebrate spermatozoa, where phosphate transfer often relies on CK action alone (Tombes and 
Shapiro, 1985). Computer analyses have shown that identities between CKs and ArgKs are in the 
range of 30-40% (Mühlebach et al., 1994). The high degree of conservation between distinct CK 
isoforms (60-65%) suggests that they all have descended from a single common ancestral gene. A 
first gene duplication resulted in the generation of one primordial mitochondrial isoform (82-84% 
identity between all CKmit forms) and one cytosolic isoenzyme (77-82% identity). Since sea urchin 
spermatozoa display separate cytosolic and mitochondrial CK isoforms, this event must have 
occurred before divergence of echinoderms and vertebrates occured (Tombes and Shapiro, 1985). 
The multiple cytosolic and mitochondrial isogenes arose through additional gene duplications at later 
stages in evolution. The resulting avian and mammalian CK classes are highly conserved: 88-98% 
homology is observed between all B-CKs, 89-99% between all M-CKs, 91-98% between 
UbCKmits, and 89-96% between all ScCKmits (Mühlebach et al., 1994). 
This evolutionary history is also reflected in the organization of genes encoding the different CK 
isoforms (Figure 2). For example, the human B-CK gene, which spans only 3.2 kb is much more 
compact than the 17.5 kilobase (kb) M-CK gene (Mariman et al., 1987; Trask et al., 1988). 
However, the lengths of exons and the locations of splice sites in the cytosolic CK genes are 
identical in all species (Jaynes et al., 1986; Mariman et al., 1987 and 1989; Benfield et al., 1988; 
Trask et al., 1988; Wirz et al., 1990; van Deursen et al., 1992). A similar situation exists for the 
CKmit genes. The human UbCKmit gene is much smaller than the ScCKmit gene, but both have 
similar organizations of exons (Haas et al., 1989; Klein et al., 1991; Payne et al., 1991). However, 
when the cytosolic and mitochondrial CK genes are compared, the exon distribution and use of 
splice sites show distinct differences. In fact the location of only one exon is absolutely conserved 
between all CK genes. This exon is referred to as exon 8 in the ScCKmit gene and exon 6 in the 
UbCKmit and cytosolic CK genes (Mühlebach, 1994). 
Amino-acid sequences of all CK isoenzymes reveal six highly conserved blocks, the CK 
framework (Figure 2). These regions are probably involved in the basic functions of all CK 
isoenzymes: the binding of substrate and reaction catalysis. The less well conserved segments, 
including the N- and C-termini of the CK proteins, could be responsible for isoenzyme- or species-
specific functions such as oligomerization, or interactions with lipid structures or other proteins. 
One of the six conserved blocks is the region surrounding the reactive cysteine. This residue was 
found to be essential for human CKBB activity (Lin et al., 1994), and for providing substrate 
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binding synergism in chicken ScCKmit (Furter et al., 1993). The same block also comprises a 
putative adenine nucleotide binding loop (Buskin et al., 1985; Taylor et al., 1990). Two other 
blocks contain the completely conserved residues Lys-196 and Asp-340. Lys-196 is closely 
associated to the reactive cysteine (Mahowald, 1969), while Asp-340 is involved in Mg2+ binding 
(James et al., 1990). Finally, three putative phosphorylation sites are found within the conserved 
regions. The most N-terminal block of the CK framework is absent in all other guanidino kinases, 
which suggests that this region may be associated with the enzyme's specificity for creatine 
(Mühlebach et al., 1994; Wyss et al., 1993). Nine additional domains can be distinguished which 
are specific either for individual isoenzymes, or for mitochondrial or cytosolic CKs (Mühlebach et 
al., 1994). Except for a proposed role in octamerization of the CKmit molecule, no functions have 
been assigned to these domains as yet (Kaldis et al., 1994; Gross et al., 1994). 
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Figure 2. Genes and proteins of the CK isoenzyme family. Four functional nuclear genes encode the 
individual CK subunits. Exons of the genes (drawn on scale) are depicted as boxes, lengths of introns have 
not been considered. Untranslated regions are blank, coding sequences of all genes are in solid grey, and the 
regions of the CKmit genes encoding the mitochondrial targeting sequences are dotted. Asterisks mark the 
only exon that is shared between all CK genes. In the translated CK peptide shown, six blocks (I-VI) 
constitute the CK framework, while 9 domains (Α-I) are specific for cytosolic or mitochondrial CKs, or for 
one of the four subtypes. The first block at the N-terminus is the mitochondrial targeting peptide which is 
proteolytically removed after mitochondrial import. Finally, the individual subunits assemble into 
enzymatically active proteins in the cytosolic and mitochondrial compartments. Data of Mühlebach et al. 
(1994) served as basis for this figure. 
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1.2 MITOCHONDRIAL CREATINE KINASES 
Biochemical characteristics and structure/function relationships 
Since the discovery of the mitochondrial creatine kinase by the Klingenberg group in 1964, 
biochemical, biophysical, and structural properties of the isoenzyme have been studied extensively 
(Jacobs et al., 1964; see Wyss et al., 1992 for a detailed review). Mitochondrial CK is located 
along the outer surface of the entire inner mitochondrial membrane (Wegmann et al., 1991; 
Hemmer et al., 1993; Kottke et al., 1994), and is concentrated at contact sites where the outer and 
inner membranes are in close apposition (Adams et al., 1989; Biermans et al., 1989; Kottke et al., 
1991). Transport of CKmit into the mitochondria is mediated by an aminoterminal mitochondrial 
target sequence which is proteolytically removed after import (Hossle et al., 1988; Haas et al., 
1989; Payne et al., 1991). This translocation sequence shows the typical tripartite structure (Haiti et 
al., 1989) with regions directing matrix-targeting, stop transfer at the intermembrane space, and 
presequence cleavage. 
Under physiological conditions, CKmit subunits readily assemble in stable dimeric and octameric 
molecules. Because of slight differences in the isoelectric points of both oligomers, the dimeric and 
octameric CKmit molecules can be resolved by cellulose polyacetate electrophoresis at pH 8.0-8.8. 
The band moving faster towards the cathode represents the octamer, while the more slowly moving 
band is the dimeric form (Kanemitsu et al., 1982; Marcillat et al., 1987; Schlegel et al., 1990; 
Wyss et al., 1990). Formation and stabilization of the octameric molecule is mediated by ionic 
interactions of charged amino acids in the N-terminal heptapeptide of the mature CKmit protein 
(Kaldis et al., 1994). Hetero-octamers, consisting of UbCKmit and ScCKmit dimers, are inducible 
in vitro, but have not been detected in vivo (Wyss et al., 1990). Dimers and octamers are easily 
interconvertible and their ratio is influenced in vitro by the concentration of the CKmit itself (a 
higher concentration leads to more octamers), the pH (dissociation into dimers is more pronounced 
at alkaline pH values), the concentrations of substrates, the ionic strength, and the total protein 
concentration (Lipskaya et al., 1985; Marcillat et al., 1987; Schlegel et al., 1988). Although both 
oligomeric forms are enzymatically active (Marcillat et al., 1987) they differ in a strongly pH-
dependent manner in their ability to bind to the inner mitochondrial membrane (Schlegel et al., 
1990). Binding of dimers to mitoplasts sharply decreases between pH 7.5 and 8.1, but only above 
pH 8.1 for octameric CKmit. At pH 7.0 and below, both oligomeric forms can bind to the inner 
membrane. Once dimers are bound to the membrane, they easily assemble into octamers (Schlegel et 
al., 1990). 
The three-dimensional structure of the CKmit octamers has been studied by electron microscopy 
and X-ray analysis of CKmit crystals (DeLuca and Hall, 1980; Schnyder et al., 1988 and 1991; 
Winkler et al., 1991). Association of four identical dimers results in the formation of a highly 
symmetrical cube-like structure. Translocation of substrates and reaction products has been 
suggested to occur through a channel in the middle of the octamer which runs parallel to the side 
faces (Wallimann et al., 1989; Schlegel et al., 1990; Brdiczka, 1991). The identical upper and 
bottom sides of the molecule can contact simultaneously with outer and inner mitochondrial 
membrane preparations in vitro (Rojo et al., 1991). This interaction is possibly mediated by a 
distinct domain in the CKmit peptide which binds to cardiolipin, the only negatively charged 
phospholipid of the inner mitochondrial membrane (Cheneval and Carafoli, 1988; Hovius et al., 
1990). Due to the slightly higher isoelectric point of the octamer compared to that of the dimer, the 
former oligomer will bind more strongly to negatively charged groups of the membranes. 
12 
Although both oligomeric CKmit forms may have a physiological role, it is likely that the 
octamer/dimer ratio in vivo is somehow related to the regulation of energy transfer from the 
mitochondria to the cytosol. Activation of mitochondrial respiration is accompanied by an increase 
in the number of contact sites (Knoll and Brdiczka, 1983) as well as a concomitant accumulation of 
CKmit specifically at these sites (Lipskaya and Trofimova, 1989; Biermans et al., 1990). At lowered 
pH, as observed in ischemia or metabolically stressed muscle, membrane binding specificities of 
octamers and dimers are similar (Schlegel et al., 1990). Under these conditions, dimers floating 
freely in the intermembrane space associate with the membrane, octamerize, and accumulate at 
contact sites. This may be an important physiological mechanism for regulating the flux into the 
cytosol of high-energy phosphates produced in the mitochondria (Schlegel et al., 1990; Veksler and 
Ventura-Clapier, 1994). 
Genes encoding the CKmit subunits: organization and regulatory elements 
Thus far, mitochondrial creatine kinase sequence data are available from chicken (Hossle et al., 
1988; Muhlebach et al., 1994), rat (Payne et al., 1991), human (Haas et al., 1989; Haas and Strauss 
1990) and mouse (this thesis). The UbCKmit and ScCKmit subunits are encoded by two separate 
nuclear genes and not by the alternative splicing products of a single gene. Nucleotide conservation 
between either the UbCKmit or ScCKmit members among species is very high, e.g. 91% and 87% 
identity, respectively, between rat and human. Coding regions of rat UbCKmit and ScCKmit exhibit 
70% identity, while human UbCKmit and ScCKmit cDNAs exhibit 73% identity. The divergence of 
the mitochondrial signalling sequences between ScCKmit and UbCKmit is remarkably high (only 
41 % amino acid identity). 
The genomic organization of the two CKmit genes has been elucidated only in man and reveals 
some distinct features in each gene. The UbCKmit gene spans 5.5 kb, contains nine exons, and is 
located on human chromosome 15 (Haas et al., 1989; Stallings et al., 1988). The much larger 
ScCKmit gene contains 11 exons which encompass more than 37 kb, and has been localized to band 
ql5 of human chromosome 5 (Klein et al., 1991; Richard et al., 1993). Chromosomal localizations 
in other species have not been assigned (but see this thesis chapter 2). 
The 5' flanking region of the UbCKmit gene displays several characteristics of housekeeping gene 
promoters (Haas et al., 1989). These include the absence of typical TATA- and CCAAT promoter 
motifs, a high GC-content in the upstream region, and the presence of potential Spi binding sites 
(Dynan, 1986). Unfortunately, the promoter/enhancer regions are ill defined, since the 
transcriptional regulation of this gene is still poorly understood and the transcriptional start site has 
not been precisely mapped. Two putative estrogen responsive elements were identified in introns 
two and six which may be involved in the simultaneous upregulation of UbCKmit and B-CK 
expression during pregnancy (Payne et al., 1993). Tissue-specific variable polyadenylation may also 
be involved in regulation of UbCKmit expression. Compared to the rat intestine UbCKmit cDNA, a 
cDNA isolated from brain contained a longer 3' untranslated region (UTR) and carried two 
polyadenylation signals (Payne et al., 1991). Finally, the 3'UTR from the rat UbCKmit mRNA 
binds proteins in a subset of tissues in which it is expressed (Cheng et al., 1994). Since this was 
also found for the B-CK gene, and since a striking nucleotide similarity exists between the 3'UTRs 
of all CK genes (Billadello et al., 1986; Payne et al., 1991), a role in for the 3' UTR in 
posttranscriptional regulation may be postulated. 
Interestingly, the ScCKmit gene exhibits several sequence features found in other sarcomeric 
contractile genes (Klein et al., 1991). The first exon in this gene is untranslated and is followed by a 
relatively large intron. A similar organization also exists in the M-CK gene and may be important 
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for coordinate transcriptional activation during muscle differentiation (Konieczny and Emerson, 
1987; Trask et al., 1989). The second exon of the ScCKmit is also untranslated, and the adjacent 
intron is again unusually long (7 kb). The upstream region of the gene contains a TATAA box, 
three CCAAT motifs, four API motifs, one Spi binding site, a cAMP response element and a GC-
rich stretch in the 5'UTR. Sequence motifs identified in several mitochondrial protein genes are also 
present in the human ScCKmit upstream region, but their functional importance remains to be 
elucidated (Suzuki et al., 1989; Klein et al., 1991). 
Tissue-specific and differentiation-induced ScCKmit expression has been investigated in 
transfected myoblast cell lines and in transgenic mice. Cis-acting sequences in a fragment containing 
3360 bp of upstream sequence, the first exon, and 750 bp of the first intron are sufficient to mediate 
tissue-specific expression, but these sequences only partially regulate induction of ScCKmit 
expression during in vitro differentiation of the C2Cl2 myoblast cell line. Putative binding sequences 
for the muscle-specific factors MEF1/MYOD and MEF2 in the gene's upstream region therefore 
seem to be insufficient to regulate differentiation-induced expression (Klein et al., 1991). In recently 
generated transgenic mice harbouring transgene constructs from the human ScCKmit gene, it was 
found that the region from -922 to -488 (transcription start site is at +1) directs expression in 
sarcomeric tissues, and also contains a suppressor motif which inhibits expression in all other tissues 
except brain (Qin et al., 1994). 
1.3 CONTROL MECHANISMS FOR MITOCHONDRIAL OXIDATIVE 
PHOSPHORYLATION (OXPHOS) 
Introduction 
ATP serves as the principal, immediate donor of free energy in biological systems. Depending on 
the state of activity, the daily consumption of a human being varies between ± 40 kg of ATP to 
more than his body weight. For example, the "resting" heart turns over the total high-energy 
phosphate pool (ATP + PCr) between two to four times every minute (Jacobus, 1985). It is for 
these reasons that the breakdown products of ATP hydrolysis (ADP and P¡) are quickly recycled to 
resynthesize ATP, and that ATP production is under very tight control. 
Figure 3. The general mechanism of oxidative 
metabolism in mitochondria. Fatty acids and 
pyruvate are the carbon sources that are 
metabolized in the mitochondrial matrix into acetyl 
CoA, which is then oxidized in the citric acid cycle 
to produce СО
г
 as waste product and NADH as the 
reducing power. In the process of oxidative 
phosphorylation, electrons from NADH are passed 
to oxygen by means of the respiratory chain in the 
inner membrane. Driven by an electrochemical 
gradient across the inner membrane, H+ is forced 
back into the matrix by the ATP synthase that uses 
the energy of the proton flow to generate ATP 
from ADP and P¡. 
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Cells have three ATP generating systems at their disposal, and the contribution of each of these 
systems depends largely on the functional properties of the cell. The majority of ATP is produced 
by aerobic breakdown of pyruvate and fatty acids (products of carbohydrates and fats) inside 
mitochondria. This process requires oxygen and involves the citric acid cycle and the reactions of 
the respiratory chain (Figure 3). In the cell cytosol reactions of the glycolytic pathway generate ATP 
by conversion of carbohydrates into pyruvate. For this purpose glycogen stores are used to provide 
sufficient amounts of glucose. Finally, in situations of extreme actvity, ATP is produced 
anaerobically by the metabolism of pyruvate into lactate. Although these metabolic pathways have 
been known for decades, their regulatory principles are still the subject of active study (Balaban, 
1990; Brown, 1992). 
This section will focus mainly on the concepts that have been developed to explain the coupling 
between physiological transitions, including workload and oxygen delivery, mitochondrial respiration 
and ATP synthesis. 
Control of OXPHOS by substrates and products 
In their pioneering work, Chance and Williams (1956) suggested that the availability of ADP 
alone governed the kinetics of mitochondrial oxidative phosphorylation. Changes in the 
concentrations of the ATP hydrolysis products, ADP and P„ were found to be the determining 
parameters in the regulation of oxidative phosphorylation in isolated mitochondria. There has been 
some controversy however, as to whether ATP synthesis is influenced by changes in the individual 
concentrations of ATP, ADP, or P„ or by some combination thereof. Using mitochondria isolated 
from liver or heart and incubated under a range of conditions, respiration has been found to 
correlate best with either the concentration of ADP alone (Chance and Williams, 1956; Jacobus et 
al., 1982), the matrix ADP/ATP ratio (Slater et al., 1973; see Tager et al., 1983 for review) or the 
phosphorylation potential ([ATP]/[ADP]x[P,l) (see Erecinska and Wilson, 1982 for review). In the 
most simple concept, the respiratory pathways respond to ATP utilization by changes in the 
concentration of free cytosolic ADP. The specific response however, is likely to vary with tissue 
and conditions. The ADP/ATP ratio theory is based on the assumption that the kinetics of the 
adenine nucleotide translocase (ANT) is the rate determining factor. Embedded in the inner 
mitochondrial membrane, this carrier transports ADP into and ATP out of the mitochondrial matrix. 
Only the model for control by the [ATP]/[ADP]x[PJ ratio (the near equilibrium hypothesis) has a 
role for P; and for the intramitochondrial reducing potential ([NAD+]/[NADH]). It is based on near-
equilibrium thermodynamics of all of the enzymes of the respiratory chain, except for the 
cytochrome с oxidase (Erecinska et al., 1977; Forman and Wilson, 1983). 
Other concepts emphasize the importance of electron carriers and oxygen itself. The reducing 
equivalents of the carbon substrates enter the mitochondrial respiratory chain as NADH or FADH. 
The delivery of these energy rich molecules to the mitochondria and the resulting concentration of 
mitochondrial NADH was shown to be a potential regulatory site in isolated rat liver (Koretsky and 
Balaban, 1987), rat heart (Moreno-Sanchez et al., 1990) and rat brain synaptosome mitochondria 
(Kauppinen and Nicholls, 1986). However, although an increase in NADH supply leads to an 
increase in the ATP/ADP ratio in rat heart in vivo, it does not influence oxygen consumption (Kim 
et al., 1991). Finally, since oxygen serves as the final electron acceptor in the respiratory chain, it 
is assumed to be an absolutely crucial determinant. Oxygen concentrations however, seldomly drop 
below the affinity constant of cytochrome с oxidase and thereby a constant saturation of the 
cytochrome oxidase with oxygen is warranted (Petersen et al., 1976; see Balaban, 1990). There is 
still no consensus as to whether oxygen delivery is partially rate limiting for oxydative 
15 
phosphorylation in intact tissue (Balaban, 1990). Although a correlation between the blood flow and 
the metabolic activity of tissue is well established, the mechanisms balancing oxygen delivery and 
work are unknown (Feigl, 1983). 
Regulation of respiration by Ca2+ 
The concentration of free cytosolic calcium is a major regulatory determinant in all kinds of 
cellular processes. An increase in the cytosolic Ca2+ concentration is an important means of second-
messenger signalling, eliciting responses which usually are also energy-requiring (Carafoli, 1987). 
The cytoplasmic Ca2+ concentration influences the mitochondrial matrix Ca2+. Connections between 
the two Ca2+ pools are established by an electrogenic uniporter for uptake, a Na+-dependent efflux 
mechanism, and a Na+-independent Ca2+ efflux over the mitochondrial inner membrane (Gunter and 
Gunter, 1994). Within the physiological micromolar concentration range, three key NADH-
producing dehydrogenases are stimulated several-fold by increases in mitochondrial matrix calcium 
(see McCormack and Denton, 1993). Furthermore, the mitochondrial matrix pyruvate 
dehydrogenase activity is increased by physiological stimuli such as hormones or electrical 
excitation, which initially raise the cytoplasmic calcium concentration and thereby cause an increase 
in mitochondrial Ca2+ (Hansford, 1985; McCormack et al., 1990). These studies suggest that 
mitochondrial respiration and ATP synthesis may respond to fluctuating calcium levels. This 
response, however, will depend on the degree of control of the dehydrogenases over cellular 
respiration, an issue which remains controversial (Kim et al., 1991). However, there is experimental 
evidence that suggests Ca2+ may control respiration in some cellular systems, at least to some extent 
(Denton et al., 1980; Moreno-Sanchez et al., 1990; Brown et al., 1990; Dagani et al., 1989). 
Halestrap has proposed a mechanism for the stimulation of mitochondrial respiration by calcium-
mobilizing hormones via changes in the mitochondrial volume (Halestrap, 1989; McCormack et al., 
1990). Direct activation of the ATP synthase itself by micromolar concentrations of matrix Ca2+ 
could also be involved in control of oxidative phosphorylation (Harris and Das, 1991; McCormack 
and Denton, 1993). Finally, since Ca2+ simultaneously stimulates ATP utilization, it might be more 
important for preventing deleterious falls in the ATP/ADP ratio rather than for the control of ATP 
turnover (Katz et al., 1988; Unitt et al., 1989). 
Respiratory control in vivo 
The noninvasive technique of "P-NMR has contributed considerably to our present understanding 
of metabolic control under work load. Transitions in the phosphate metabolism under different 
physiological conditions can be monitored in vivo using this technique (Meyer et al., 1982). 
Strikingly, levels of free ATP, PCr, and P„ the calculated [ADP] and the phosphorylation potential 
of perfused hearts in situ, in brain and in kidney remain essentially constant over a wide range of 
work loads (Wolff et al., 1988; Heineman and Balaban, 1990; Jeffrey and Malloy, 1992; Van et al., 
1993). This suggests that parameters other than the cytosolic concentrations of phosphate metabolites 
control respiration in these highly aerobic tissues (Balaban, 1990; Jeffrey and Malloy, 1992), such 
as the availability of substrates and oxygen discussed previously. Since it is unlikely that ADP and 
P, play no role in the regulation of respiration in these tissues, it is also possible that the affinity of 
OXPHOS enzymes for ADP and P, is altered under certain conditions (Senior, 1988). 
In contrast to the findings in heart, studies on skeletal muscle in vivo have demonstrated that 
changes in work output correlate fairly well with alterations in ADP and P, (Matthews et al., 1982; 
Chance et al., 1985; Taylor et al., 1986). Since the phosphorylation potential can not be maintained, 
a simple product/substrate effect is probably sufficient to explain the respiratory response 
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(Kushmerick and Meyer, 1985; Taylor et al., 1986). Interestingly, chronically stimulated skeletal 
muscle develops metabolic and morphological characteristics of heart tissue, and again only minute 
alterations in the phosphorylation potential with increasing work load are seen (Clark et al., 1988). 
Similar transitions have been observed in the developing heart. For example, the neonatal sheep 
heart is not able to maintain a constant phosphorylation potential, but this ability emerges during the 
first few months of subsequent development (Portman, 1989). Thus, the overall aerobic capacity 
could be a critical determinant in the contribution of the phosphorylation potential to respiratory 
control (Chance et al., 1985). 
Metabolic compartmentalization in regulation of cellular respiration 
Many of the postulates on the control of mitochondrial oxidative phosphorylation are based on the 
assumption that the cell cytoplasm is a homogeneous phase, that mitochondrial respiration obeys to 
kinetics which have been determined for individual enzyme systems in solution, and that the 
behaviour of enzymes and substrates, including ADP, is comparable between aqueous solutions and 
the cell cytoplasm. Alternatively, concepts have been developed which assume that cellular 
metabolism occurs in a network of interconnected and highly regulated microenvironments (see 
Srere, 1987; Friedrich, 1984; Saks et al., 1994). According to this view, metabolic fluxes are 
controlled by the action of organized multienzyme systems, which create an optimal 
microenvironment for efficient substrate and product channeling. Through such coupled systems 
high reaction rates can be achieved independently of the average concentration of substrates or 
intermediates in the cytoplasm (see Stephanopoulos and Vallino, 1991). Total cytoplasmic 
concentrations of high-energy phosphates are then considered to be of limited value, since these are 
only a reflection of the overall balance. 
Two findings have contributed substantially to the increased attention for this concept. Due to the 
high degree of organization of the cell interior, metabolites including ATP and ADP, are 
compartmentalized within the cytoplasm even without separation by membranes (Kauppinen et al., 
1980; McLellan et al., 1983; Jones, 1986; Miller and Horowitz, 1986). In skeletal muscle, 
accumulating evidence suggests that the cytosolic aqueous phase ATP is not able to diffuse rapidly 
to the myofibrillar compartments (Kingsley et al., 1991; Opie, 1992). The notion that ATP within 
the vicinity of myofibrillar ATPase forms part of a distinct microcompartment, and does not 
exchange rapidly with the soluble ATP, was already proposed in 1970 by the group of Gudbjarnason 
after their observation that under conditions of acute ischemia, heart contraction stopped when only 
10% of the total cellular ATP was used (Gudbjarnason et al., 1970). Additional studies by many 
groups confirmed the availability of only a small pool of ATP for contraction, and a dissociation of 
the total cellular ATP content from cardiac contraction and energy fluxes (Gereken and Schiette, 
1968; Neely and Grotyohann, 1984; Rosenkranz et al., 1986; Kupriyanov et al., 1987; Hoerter et 
al., 1988). ATP microcompartmentalization is closely linked to those sites of the cell where 
multienzyme complexes are involved in adenine nucleotide metabolism, i.e. the glycolytic system, 
the myosin ATPase and several other ATPases. Enzymes of the glycolytic system are membrane-
bound and generate a subpool of ATP which is kinetically separate from the soluble pool (Mercerer 
and Dunham, 1981; Weiss and Lamp, 1987; Han et al., 1992; Ishida et al., 1994). Under 
conditions of impaired mitochondrial function, however, this system is not capable of maintaining 
full cardiac contraction (Opie, 1989 and 1992). Similar microcompartments are formed by the cell 
membrane Na+/K+-ATPase and ATP-dependent K+-channels (Noma, 1983; Yee and Jones, 1985; 
Jones, 1986; Takano and Noma, 1990). These sites are exposed to lower concentrations of ATP 
compared to enzymes in the bulk of the cytosol, and are also thought to be regulated by existing 
17 
subcellular ATP concentration gradients (Nichols and Lederer, 1990). Unfortunately, "P-NMR 
spectroscopy is rather insensitive and cannot easily discriminate between intracellular ATP pools. It 
has only been possible to observe an ATP pool with NMR characteristics different from the soluble 
ATP in the perfused heart, where mitochondrial CK activity is very high (Zahler et al., 1987). This 
pool most likely represented mitochondrial ATP. 
The second line of evidence for respiration being influenced by subcellular compartmentalization 
came from studies which suggested that the mitochondrial intermembrane space is not freely 
accessible for cytoplasmic AD Ρ due to a decreased permeability of the outer mitochondrial 
membrane for this adenine nucleotide (see Brdiczka and Wallimann, 1994; Gellerich et al., 1994). 
The mitochondrial intermembrane space is suggested to form a proteineous-lipid phase in cells in 
vivo, and consequently studies on mitochondria are hampered because the intermembrane space is 
disrupted during mitochondrial isolation and fixation procedures; these would leave only the contact 
sites intact (Sjostrand, 1978). As discussed above, unhindered access of ADP to the ANT in the 
inner mitochondrial membrane is a prerequisite in the conventional kinetic models for control of 
mitochondrial respiration. In view of the accumulating evidence in favour of mitochondrial 
compartmentalization, future models of respiratory control will have to consider these new 
parameters. 
1.4 SUBCELLULAR COMPARTMENTALIZATION OF THE CK FAMILY MEMBERS 
In the new concepts, the cell is provided with a highly organized cytoarchitecture in which energy 
homeostasis is controlled by local pools of adenine nucleotides and by the action of tightly 
associated multi-enzyme complexes in the vicinity of sites of ATP production and ATP utilization. 
The CK/PCr circuit is presumed to be crucial for transducing changes in energy homeostasis since it 
is largely organized at these nodal points in the complex network of energy conversion. 
Functional coupling of mitochondrial CK with the adenine nucleotide translocator and 
mitochondrial OXPHOS 
The first report on the functional role of mitochondrial CK in the production of ADP from 
mitochondrially produced ATP (Bessman and Fonyo, 1966), was soon followed by studies indicating 
that not ATP but PCr is the end-product of mitochondrial oxidative phosphorylation under 
physiological conditions (Jacobus and Lehninger, 1973; Saks et al., 1974). Heart mitochondrial 
oxidative phosphorylation was shown to be more influenced by ADP generated by mitochondrial CK 
activity in comparison to the direct addition of ADP or ADP generated by hexokinase activity 
(Jacobus, 1985). The finding that CKmit preferentially uses mitochondrially produced ATP 
compared to externally added ATP suggested a strong functional coupling between CKmit and the 
adenine nucleotide translocator (ANT) (Jacobus and Saks, 1982; Saks et al., 1976b, 1985 and 
1987). Chemical labeling studies (Yang et al., 1977), thermodynamic experiments (DeFuria et al., 
1980), and studies using translocase inhibitors (Moreadith and Jacobus, 1982) or pyruvate kinase 
competition for ADP (Gellerich and Saks, 1982) supported this view. A similar functional coupling 
was demonstrated for the mitochondrial CK and the voltage-dependent anion-selective carrier 
(VDAC) in the outer mitochondrial membrane (Erickson-Viitanen et al., 1982; Brdiczka, 1991; 
Kottkeetal., 1991). 
The CKmit reaction proceeds at equilibrium only when it is uncoupled from oxidative 
phosphorylation (Jacobus and Saks, 1982; Saks et al., 1985; Soboll et al., 1992). The kinetic 
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properties of the mitochondrial CK itself do not differ from those of the other CKs, and do not 
favour PCr production (Saks et al., 1975). It is the close association of the ANT to the CKmit 
which creates a microenvironment in which high ATP and low ADP levels drive the CKmit reaction 
towards PCr synthesis. When the CKmit reaction proceeds under steady state conditions, the ANT is 
protected from the potentially inhibitory effects of high ATP concentrations (Aliev and Saks, 1993). 
The conclusion from more recent experiments was that provided a tight functional coupling exists 
within the multi-enzyme complex at the inner mitochondrial membrane in vivo, processes in the 
cytoplasmic compartment do not have any direct thermodynamic control over mitochondrial 
respiration (Saks et al., 1994). 
Additional arguments in favour of a functional coupling of CKmit to oxidative phosphorylation 
arise from the structural characteristics of the CKmit molecule as discussed previously. The 
membrane-binding properties of the CKmit octamer seem optimally suited for minimizing the 
distance between the CKmit and the ANT, and perhaps also between the CKmit and the VDAC in 
the mitochondrial energy-transfer contact sites (Rojo et al., 1991; Wallimann et al., 1992). Dynamic 
formation of these contact-sites might be mediated by the CKmit octamer/dimer ratio in response to 
varying energy demands (Schlegel et al., 1990). 
Further data on CKmit-OXPHOS coupling can be found in the extensive reviews by Wallimann et 
al. (1992) and Wyss et al. (1992) and are also schematically depicted in Figure 1. In view of the 
recent demonstration of reduced permeability of the outer mitochondrial membrane for ADP, only 
new data will be discussed here. 
The outer mitochondrial compartment as a site of respiratory regulation 
The mitochondrial outer compartment harbours several kinases. These include CKmit and 
mitochondrial adenylate kinase (AKmit or AK2). While CKmit is bound to the inner membrane, 
AKmit is free in the intermembrane space (Brdiczka, 1991), while a cytosolic form of AK (AK1) is 
also present outside the mitochondria. Pyruvate kinase (PK) competes with the ANT for ADP 
regenerated by the CKmit and AKmit. Hexokinase (HK) and glycerol kinase (GK) are bound to the 
outer membrane pore protein (VDAC or porin) and produce extramitochondrial ADP. Ultimately, 
the composition and density of kinase activity in the outer mitochondrial compartment may be the 
determining factor for diffusion limitations of ADP, and thus also for the production of ATP 
(Brdiczka and Wallimann, 1994). 
ADP microcompartmentalization on the inner mitochondrial membrane may be most important in 
the control of respiration, since studies on mitoplasts showed that up to 60% of the ADP produced 
by CKmit is not available to pyruvate kinase, even in the absence of the outer mitochondrial 
membrane (Gellerich and Saks, 1982). Thus CKmit is able to create ADP concentrations in the 
intermembrane space that are higher than in the bulk phase outside of the mitochondria (Gellerich et 
al., 1987). Furthermore, AKmit permanently equilibrates the adenine nucleotides in the 
intermembrane space. In the absence of creatine, ADP is produced from AMP and ATP in the 
intermembrane space by AKmit. This ADP is also preferentially used for oxidative phosphorylation 
and only partially accessible to extramitochondrial PK (Gellerich, 1992). The conclusion from these 
experiments was that the microenvironment at the inner mitochondrial membrane includes CKmit 
and AKmit and may control respiration. 
A different experimental approach, using socalled "skinned fibres", in which soluble enzymes 
leave the cell but subcellular structures, including mitochondria, remain intact (Saks et al., 1991), 
corroborated the model. In these fibers, ADP can stimulate respiration only when added in very 
high concentrations. This was explained as being due to the restricted permeability of the outer 
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mitochondrial membrane for ADP (Saks et al., 1991 and 1993). Since isolated mitochondria have 
very high affinities for ADP (and respiration is thus stimulated by very low ADP concentrations), 
intracellular factor(s) have been suggested to exist at the outer mitochondrial membrane which are 
lost during isolation procedures (Saks et al., 1994). It may in fact be the 30% protein solution 
surrounding the mitochondria in vivo which influences the permeability of the outer mitochondrial 
membrane for ADP (Gellerich et al., 1993). Due to the high creatine concentration however, 
sufficiently steep concentration gradients of creatine can build up without kinetic consequences. 
Through the coupled reactions of the VDAC, the CKmit, and the ANT, a high turnover of adenine 
nucleotides amplifies the response of mitochondria to very small amounts of ADP. 
Similarly, ADP equivalents are carried into the mitochondria by AMP via the AK shuttle 
(Bessmann and Carpenter, 1985). High AK activities have been found in tissues which contain no 
creatine kinase, e.g. liver and bovine spermatozoa, but also in a variety of other tissues, including 
cardiac and striated muscle and brain (Russell et al., 1974; Watanabe et al., 1979; Schoff et al., 
1989; Gellerich et al., 1994). While brain mitochondria show only a very slight response to AMP, 
mitochondrial oxidative phosphorylation in several human muscles could be fully activated by AMP 
(Kunz et al., 1993; Gellerich et al., 1994). The AKmit mediated stimulus of oxidative 
phosphorylation is comparable to, or even higher than, the CKmit mediated increase (Gellerich et 
al., 1994). It is tempting to speculate that both shuttles contribute to the ADP transport into the 
mitochondria in human muscles and most probably in other tissues also to a degree reflecting their 
specific activities (Savabi, 1994). Bessmann and Carpenter suggested in 1985 the existence of a 
tetrahedral arrangement of one molecule of CKmit with two molecules of AKmit clustered around 
the ANT (Bessmann and Carpenter, 1985). Indeed, direct transfer of the ß-phosphate of ATP to 
creatine (Yang et al., 1977) indicates a close association between these enzymes. 
At this point it should be noted that mitochondrial CK is not always necessarily strictly coupled to 
oxidative phosphorylation. Clark and coworkers investigated mitochondrial creatine kinase function 
in skinned fibers from gravid guinea pig uterus (Clark et al., 1993). During gestation, the maximal 
rate of respiration increases, as well as the specific activity of the CKmit. Addition of creatine to 
these fibres does not, however, result in stimulation of the respiration rate, and it would appear that 
CKmit is not functionally coupled to the ANT. ADP produced by the CKmit reaction is rapidly 
removed by external pyruvate kinase, and CKmit might then simply be involved in keeping ADP 
levels low for uterine function (Clark et al., 1994b). Since a similar respiratory uncoupling was 
recently found in the mouse gastrocnemius muscle (in contrast to cardiac or soleus muscle; Veksler 
et al., personal communication) the regulatory role of the CKmit may be modulated by the aerobic 
capacity of the particular tissue or cell, or even by the composition of the outer mitochondrial 
compartment. 
Compartmentalization involving creatine kinases at other sites in the cell 
Adenine nucleotide compartmentalization in the cytosol is considered to be equally important in 
the control of metabolic fluxes. A large fraction of the cytosolic CKs (CKMM, -BB, or -MB) are 
present as soluble enzymes in the cytoplasm where they maintain the CK reaction at near 
equilibrium (McGilvery and Murray, 1974; Veech et al., 1979; Gadian et al., 1981; Matthews et 
al., 1982; Meyer et al., 1982). In skeletal muscle, part of the CKMM pool is specifically localized 
at the sarcomeric I bands (Wallimann et al., 1989; Wegmann et al., 1992) where they co-localize 
with the glycolytic complexes that are loosely associated with the actin filaments (Arnold and Pette, 
1970; Bronstein and Knull, 1982). The total amount of CKMM correlates well with the glycolytic 
potential of the specific fibre type (Wallimann et al., 1984) and secures immediate 
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transphosphorylation of ATP produced by glycolysis (Scopes, 1973; Wallimann et al., 1992). 
Another pool of cytosolic CKMM is localized at the myofibrillar M-band where it is functionally 
coupled to the myosin ATPase (Turner et al., 1973; Saks et al., 1976a; Wallimann et al., 1977, 
1978, 1983a, 1983b, 1984). In skinned myocardial fibres which lack soluble CKMM, the ADP 
produced during contraction is immediately rephosphorylated within the myofibrillar complex 
(Ventura-Clapier et al., 1987). Due to the efficient interaction of the CKMM with the myofibrillar 
ATPase, contraction can be sustained even in the absence of ATP at the expense of PCr (Ventura-
Clapier et al., 1994). An additional portion of the CKMM is specifically associated with the 
sarcoplasmic reticulum (Baskin and Deamer, 1970; Kahn et al., 1972; Levitsky et al., 1977) where 
it provides ATP-dependent Ca2+ pumps (SERCAs) with maximal energy for resorption of Ca2+ from 
the sarcoplasm (Levitsky et al., 1978; Rossi et al., 1990). Contraction of skeletal muscle is 
triggered by the release of Ca2+ from the sarcoplasmic reticulum after depolarization of the 
transverse tubules by an incoming nerve pulse (excitation-contraction coupling) (Endo, 1977). Rapid 
resorption of the released Ca2+ via active transport is required for relaxation of the muscle fibre 
(Ebashi and Lipmann, 1962; MacLennan, 1970; Racker, 1972; Hasselbach and Oetliker, 1983). 
Locally regenerated ATP is the major source of energy for the Ca2+-ATPase (Korge et al., 1993), 
and the functional coupling with CKMM supports a high ATP/ADP ratio as the driving force of the 
pump (Korge and Campbell, 1994). Finally, a small fraction of CKMM has been found at the 
sarcolemma, where it supports ATP regeneration for the Na+/K+-ATPase (Sharov et al., 1977; 
Levitsky et al., 1978; Saks et al., 1977; Grosse et al., 1980). 
Much less is known about the functional coupling of CK isoenzymes with energy-converting 
subcellular compartments in tissues other than muscle. The cell membrane Na+/K+-ATPase in the 
electrocytes of electric fishes depends largely on the ATP regenerated from PCr by the closely 
associated CKBB (Wallimann et al., 1985; Blum et al., 1991). The Na+/K+-ATPase is the major 
ATPase in brain and kidney and is a significant consumer of ATP in other tissues (Clausen et al., 
1991). Functional coupling of CKBB may therefore be of functional importance for the 
thermodynamic efficiency of this ATPase, especially in specialized cells within these tissues. Recent 
immunolocalization studies of CK isoenzymes suggest a function in a variety of specialized cells in 
the brain (Hemmer and Wallimann, 1993; Friedman and Roberts, 1994). Highest levels of cytosolic 
CK in brain are found in Purkinje neurons of the cerebellar cortex (Hemmer and Wallimann, 1993; 
Kato, 1986; Friedman and Roberts, 1994). Enzymes involved in Ca2+ homeostasis, including Ca2+-
binding proteins and Ca2+-ATPases, are expressed at high levels in these cells (see Hemmer et al., 
1994). A more detailed study of the CK/PCr system in brain may also reveal whether functional 
coupling of cytosolic CKs to the Ca2+-ATPase is important for the cerebellar motor learning 
function of Purkinje cells (Hemmer and Wallimann, 1993; Hemmer et al., 1994; Ito, 1991). 
Furthermore, B-CK has been detected in other cell types with high and fluctuating energy demands 
in brain. This suggests that B-CK may play a role in neurotransmitter release, the maintenance of 
membrane potentials, restoration of ionic gradients in neurons, in spatial K+ buffering in Bergmann 
glial cells, metabolic interactions between astrocytes and neurons, myelin synthesis by 
oligodendrocytes, and restoring K+ ion gradients in glomerular structures in the cerebellum 
(Friedhoff and Lerner, 1977; Lim et al., 1989; Carafoli, 1987; Blum et al., 1991; Reichenbach, 
1991; Hemmer and Wallimann, 1993; Hemmer et al., 1994). 
The typical subcellular localization of cytosolic CKs is also observed in cell types other than 
muscle or nerve cells. A functional coupling of CKBB with the dynein ATPase in sea urchin 
spermatozoa has been mentioned already. A highly polarized cell-type that is not often known for its 
CK-mediated high energy phosphate metabolism is the intestinal epithelial cell. In these cells, CKBB 
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Figure 4. Schematic representation of creatine kinase (CK) and adenylate kinase (AK) catalyzed 
phosphotransfers and their suggested functional interactions at subcellular compartments. According to the 
model, the ADP which is generated during work is immediately rephosphorylated by cytosolic CK or AK 
isoenzymes that are functionally coupled to the ATPase. Simultaneously, a molecule of creatine or AMP is 
produced. These enter a system transferring high-energy phosphoryl groups along a chain of equilibrating CK 
or AK enzymes and deliver a signal to the glycolytic or mitochondrial compartments of the cell to promote 
ATP production. Again via a similar but reversed series of phosphotransfers, the high-energy phosphoryl is 
delivered at the ATPase. Through the action of these "phosphoryl wires", displacement of an equilibrium at 
one end of the chain results in rapid relaying of a signal to the other end. The extent to which the CK and 
AK systems are involved in delivering a signal for ATP production by either glycolysis or OXPHOS may 
vary considerably between species and tissues (N. Goldberg, personal communication). Note that the spatial 
segregation between the transferring systems that is suggested in this schematic drawing is only for reasons of 
clarity, they may in fact be very closely associated in the cell in vivo. More detailed background on this 
hypothetical scheme is given in Zeleznikar et al. (1995). 
is distinctly localized in the terminal web region of the brush border cytoskeleton (Keller and 
Gordon, 1991). Here, it is energetically coupled to the myosin II that produces the force for 
terminal web contraction (Gordon and Keller, 1992). 
Since CK and AK1 both co-localize at specific cytosolic sites, parallels can be drawn to the 
situation in mitochondria. Besides cytosolic CK, AK also has a crucial role in the removal of ADP 
and its rephosphorylation to ATP in the close vicinity of the ATPase (Savabi et al., 1986) and the 
activities of ATPase, CK and AK have been proposed to be functionally coordinated at the 
myofibrillar site (Bessman and Carpenter, 1985). By means of high energy flux monitoring with 
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ieO-labeled H20, it was shown that the AK1 activity is increased upon contraction stimulation, 
resulting in rapid equilibration of ADP and ATP, even with increased rates of ATP hydrolysis 
(Zeleznikar et al., 1990). Under conditions of oxygen deprivation, the AK1 activity also increases, 
and the AK-catalyzed transfer of ß-phosphate correlates with the enhanced glycolytic flux 
(Zeleznikar et al., 1990). In contrast, the CK-catalyzed production of [180]PCr is diminished in 
proportion to the reduced rate of oxidative generation of ATP. These results indicate that the AK-
catalyzed phosphotransfer is linked to the anaerobic production of ATP, while the CK isoenzymes 
may be involved only in the metabolic conversion of ATP produced by oxidative phosphorylation 
(Nelson D. Goldberg, personal communication). 
The picture emerging from the data discussed above is one of a "metabolic wave propagation" or 
"phosphoryl wiring", analogous to the proposed "proton wire" and the principal of ligand 
conduction (Mitchell, 1991). At subcellular sites of high-energy phosphate utilization, a decrease in 
the ATP/ADP ratio by the enhanced production of ADP, generates a local rise in the creatine 
concentration due to rapid PCr hydrolysis. Cr and PCr enter a system transferring high-energy 
phosphoryl groups along a chain of equilibrating, soluble CK molecules (Figure 4, upper part). This 
"bucket line" of coupled reactions of ATP-Cr exchange delivers the signal to the mitochondria, 
where it is amplified severalfold through the coupled reactions of the CKmit and the ANT. Almost 
instantly, a rapid and efficient feedback signal is delivered to the site of ATP-utilization. Similarly, 
AK isoenzymes could link subcellular sites by wiring reactions of monophosphate molecules (Nelson 
D. Goldberg, personal communication). Since an overlap in the intracellular distribution patterns of 
the individual members of both phosphate-transferring families exists, it is tempting to speculate that 
their function is tightly coordinated and is critical for the strict regulation of high-energy metabolism 
in cells with high and fluctuating energy demands (Figure 4). 
1.5 TISSUE-SPECIFIC AND DEVELOPMENTAL EXPRESSION OF CK ISOENZYMES 
CK isoenzyme distribution patterns are species-, cell-type- and developmental stage-specific and 
are very likely subject to diverse mechanisms of transcriptional and translational regulation. Again 
muscle provides the most intensely studied model. Muscle cell differentiation is characterized by a 
transition in cytosolic CK expression (Eppenberger et al., 1983). Embryonic muscle tissue in all 
species contains only CKBB. During development, a shift in B-CK to M-CK gene expression 
occurs, first in the heart and later also in skeletal muscle (Trask and Billadello, 1990; Payne and 
Strauss, 1994). Mature cytosolic CK patterns in striated muscle are already established before birth 
in most mammals, including man. In skeletal muscle only CKMM dimers are detectable, while 
cardiac muscle contains predominantly CKMM and also large amounts of CKMB, and traces of 
CKBB (Burger et al., 1964; Eppenberger et al., 1967). Transitions in mitochondrial CK expression 
similar to those of the cytosolic CKs have not been observed in any tissue. The presence of 
sarcomeric CKmit at birth depends on the maturity of the foetus. Species with advanced 
development at birth, eg. guinea pig and sheep, express ScCKmit late in gestation (Ingwall et al., 
1981; Hoerter et al., 1994), but in less well developed neonates as mouse, rat, rabbit, pig, and man, 
ScCKmit appears during the first neonatal weeks (Hall and DeLuca, 1975; Baldwin et al., 1977; 
Dowell et al., 1986; Hoerter et al., 1994). During these transitional periods, the changes in CK 
isoenzyme distribution patterns correlate well with specific metabolic demands. During the period 
that the foetal and newborn immature heart depends mainly on the glycolytic and glycogenolytic 
pathways for its ATP production (Friedman, 1972), only cytosolic CKs are expressed and no 
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ScCKmit is detectable. Similar to the situation in muscle, cytosolic CK may play a role in temporal 
and spatial buffering of ATP produced by glycolysis in the developing heart. The appearance of the 
M-line during embryo development correlates with the functional coupling of CKMM to the 
myofibrils (Anversa et al., 1981; Carlsson et al., 1982; Hoerter et al., 1991; Ventura-Clapier et al., 
1992). Again, this correlation already exists in guinea pigs before birth, but in the rat is still 
incompletely established three weeks after birth in the rat (Dowell, 1987). Mitochondrial OXPHOS 
activities also show species-specific differences during development and in the adult stage (Bart et 
al., 1992). In guinea pigs, stimulation of mitochondrial respiration by addition of creatine (this is the 
CKmit efficacy) correlates with maximal rates of respiration in the fetal and adult heart (Hoerter et 
al., 1994). In contrast, CKmit efficacy in the rat and rabbit heart at birth is neglegible while the 
mitochondrial respiration rates are 70% and 95%, respectively, of the adult heart (Hoerter et al., 
1994). During perinatal development, CKmit efficacy increases and ultimately reflects the rate of 
mitochondrial respiration (Dowell, 1987; Hoerter et al., 1991). In addition, the flux through the CK 
reaction increases in parallel with the developmental accumulation of CKmit (Perry et al., 1988). 
Association of ScCKmit and CKMM to the intracellular ATP-producing and ATP-consuming 
compartments thus proceeds in temporal coordination with the maturation process of the cardiac 
cell. 
In the adult mammalian skeletal muscle, the relative levels of CK isoenzymes reflect the metabolic 
requirements of individual fibers. Skeletal muscle fast-twitch glycolytic fibers contain three times the 
amount of CKMM compared to the slow-twitch oxidative fibers (Yamashita and Yoshioka, 1991). 
The contribution of ScCKmit to total CK activity varies between 5-10% in glycolytic fibers to 10-
35% in the more oxidative cardiac muscle (Wyss et al., 1992). Only in slow oxidative fibers does 
the total CK activity positively correlate with CKmit activity (Yamashita and Yoshioka, 1991). 
Skeletal muscle CK isoenzyme distribution patterns are not rigid but change by endurance training 
(Apple and Rogers, 1986; Apple and Billadello, 1994) or chronic stimulation (Schmitt and Perte, 
1985). this is reflected by an increase in ScCKmit and a decrease in CKMM activities, toghether 
with a decrease in total CK activity and PCr pool size, which accompany a variety of biochemical 
changes associated with an increase in the oxidative capacity of the muscle tissue (Clark et al., 
1988; Pette and Vrbová, 1992). Therefore, the amount of ScCKmit itself is an indicator of the 
oxidative capacity of the muscle fibers (Wallimann et al., 1989; Yamashita and Yoshioka, 1991). 
While M-CK and ScCKmit expression is restricted to striated muscle tissues, B-CK and UbCKmit 
are expressed in a wide variety of highly specialized cells and tissues (see Wallimann and Hemmer, 
1994). For a recent review of cell types expressing CK in the brain, the reader is referred to 
Friedman and Roberts (1994) and Hemmer and Wallimann (1993). The intention here is to 
concentrate on the developmental and maturational changes in energy metabolism and CK expression 
in brain, although only limited data are available. High levels of B-CK and moderate levels of 
UbCKmit mRNA are detected late in gestation in the rat brain (Payne and Strauss, 1994). Within a 
small time window after birth, high-energy phosphate metabolism undergoes marked quantitative and 
qualitative changes. In response to higher energy demands, the capacity for ATP generation by 
OXPHOS is increased (Holtzman et al., 1991) with the concomitant appearance of a population of 
cerebral brain mitochondria exhibiting contact sites between outer and inner membranes (Holtzman 
et al., 1979). During this period, the increase in UbCKmit activity (4-6 fold) is higher than the 
increase in total CK or B-CK activity (Holtzman et al., 1993; Payne and Strauss, 1994), and reflects 
the 4-fold increase in the rate of the CK-catalyzed reaction in vivo (Holtzman et al., 1993). In the 
adult rat, brain activity correlates with the reaction constant of the CK reaction in the direction of 
ATP synthesis, as well as with the CK-flux (Sauter and Rudin, 1993). 
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Another cell-type showing a highly polar organization is the photoreceptor cell of the vertebrate 
retina. Expression of CKmit in these cells, whose function is strongly dependent on oxidative 
phosphorylation, parallels with the maturational development. The process of terminal differentiation 
can therefore be monitored by following the specific CKmit activity (Wallimann et al., 1986; 
Wegmann et al., 1991; Hemmer et al., 1993). 
1.6 INTERFERING WITH THE CK/PCr SYSTEM BY CREATINE ANALOGUES 
A complete elucidation of all Cr and PCr biosynthetic pathways is required to fully understand the 
physiological consequences of altering levels of CK-substrates or CK-enzymes. According to the 
traditional view, the Cr intermediate guanidino-acetate is synthesized in the mammalian kidney, 
transported through the blood circulation to the liver where it is methylated to Cr (Horner, 1959; 
Fitch et al., 1961). Cr is then again transported via the blood to tissues which require Cr. However, 
immunofluoresence studies have revealed enzymes involved in Cr-synthesis to be present in a 
broader spectrum of tissues including liver, heart, lung, spleen, muscle, brain, testis, and thymus, 
these are all tissues in which the CK/PCr system is active (van Pilsum et al., 1963; McGuire et al., 
1986). Cr uptake is mediated via a saturable, Na+- and СГ-dependent Cr transporter (Fitch and 
Shields, 1966; Daly and Seifter, 1980; Möller and Hamprecht, 1989). The cDNA of the Cr 
transporter was recently cloned and highest expression levels were detected in kidney, heart and 
skeletal muscle, with lower levels in brain, lung, epididymis and testis. Absence of expression was 
observed in uterus, liver, small intestine and spleen (Guimbal and Kilimann, 1993). Although the 
complete pathway of Cr metabolism is not yet fully understood, its importance recently became 
evident from the first report on a patient who suffered from severe extrapyramidal disorders caused 
by an inborn error of Cr biosynthesis at the level of guanidinoacetate-methyltransferase (Stöckler et 
al., 1994). 
Interference with the CK/PCr system might be involved in pathologies of muscle function, as an 
overall lowering in the intracellular levels of Cr and PCr levels have been detected in cardiac 
myopathies and muscular dystrophy (Fitch, 1977; Ingwall et al., 1985 and 1990). The role of 
altered PCr/Cr levels in (cardio)myopathies has been investigated by feeding experimental animals 
with creatine analogues such as cyclocreatine (cCr), ß-guanidinoproprionic acid (ßGPA) and ß-
guanidinobutyric acid (ßGBA). Although these studies have contributed substantially to our 
understanding of the CK/PCr system, unknown additional effects of the analogues render 
interpretation of experimental findings difficult (Petrofsky and Fitch, 1980). 
The Cr-analogues compete with Cr for import through the cell membrane (Fitch et al., 1974) and 
are known to be poor substrates for the CK enzymes (Chevli and Fitch, 1979). Long-term feeding 
leads to a marked decrease in Cr, PCr and ATP levels, but P, levels are essentially unchanged. 
Large amounts of cCr, ßGBA, ßGPA, and the phosphorylated derivatives PcCr and PßGPA 
accumulate intracellularly instead of Cr and PCr (Woznicki and Walker, 1980; Meyer et al., 1986; 
Shoubridge et al., 1985a; Moerland and Kushmerick, 1994; van Deursen et al., 1994b). Contractile 
characteristics of ßGPA-loaded rat plantaris muscle were found to be normal (Petrofsky and Fitch, 
1980) whereas twitch force from rat and mouse Cr-depleted gastrocnemius-plantaris-soleus complex 
dropped below control levels during the first contractions. However, the endurance force output in 
these muscles has been shown to be significantly higher (Meyer et al., 1986; van Deursen et al., 
1994b). Soleus and EDL from mice fed ßGPA has a capacity to maintain tension during stimulation 
similar to that of wild-types (Moerland and Kushmerick, 1994). These results have been interpreted 
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by some authors as suggesting that CK function is not obligatory for consumption of ATP during 
contraction nor for oxidative ATP production. However, although in analogue-treated animals the 
reduced flux through the CK reaction in the direction of ATP synthesis in resting muscles is 
proportional to the decrease in [PCr], it still exceeds the rate of ATP turnover at rest (Shoubridge 
and Radda, 1984; Meyer et al., 1986; Moerland and Kushmerick, 1994). Furthermore, CK enzymes 
are able to hydrolyze PßGPA, albeit much less efficiently than PCr (Conley and Kushmerick, 1990). 
These data actually confirm the temporal energy buffering function of the CK/PCr system. In rat 
diaphragm muscle, tension capacity has been shown to be severely decreased by Cr-depletion 
(Mainwood et al., 1982a and 1982b). In the heart of ßGPA- or ßGBA-fed rats, cardiac hypertrophy 
and a rise in the left ventricular diastolic pressure are clear signs of contractile failure (Kapelko et 
al., 1988; Mekhfi et al., 1990; Zweier et al., 1991). In remains unclear as to why the flux through 
the CK reaction in Cr-depleted heart is only 2-4 times lower, while the concentration of PCr is 
reduced by 80-90% (Kapelko et al., 1988; Zweier et al., 1991). 
The rate of relaxation is substantially decreased in heart and skeletal muscle by the administration 
of ßGPA (Korecky and Brandejs-Barry, 1987; Kapelko et al., 1988; Moerland and Kushmerick, 
1994). Relaxation of muscle fibers is critically dependent on high levels of ATP in the vicinity of 
the Ca2+-ATPases in the sarcoplasmic reticulum (SR) (Hasselbach and Oetliker, 1983; Korge and 
Campbell, 1994) and the functional coupling of CKMM to the Ca2+ pump of the SR creates this 
optimal microenvironment in normal muscle, but not in creatine-depleted muscle (Rossi et al., 1990; 
Korge et al., 1993). 
Skeletal muscle tissue displays a large variety of metabolic adaptations and a remarkable degree of 
plasticity upon creatine depletion. A general conversion from fast glycolytic into slow oxidative 
muscle fibers is characteristic for both chronic stimulation and creatine depletion (Pette, 1980 and 
1990; Moerland et al., 1989). Long-term feeding of ßGPA leads to a reduction in type 2 fiber size 
(Shoubridge et al., 1985a; van Deursen et al., 1994b), a shift in myosin isoform pattern towards the 
slower isomyosins (Moerland et al., 1989), an increase in aerobic capacity of the fast fibers 
(Shoubridge et al., 1985a; Moerland and Kushmerick, 1994; van Deursen et al., 1994b) and a 
reduced glycolytic flux (Meyer et al., 1986) in skeletal muscle tissue. Together, these adaptations 
reduce diffusion distances between mitochondria and myofibrils. In ßGPA treated hearts, however, 
levels of glycolytic and respiratory enzymes remain unchanged, but the isomyosin shift towards the 
slower isoforms is still a consistent feature (Shoubridge et al., 1985b; Moerland et al., 1989; 
Mekhfi et al., 1990). Finally, it is worth mentioning that increased expression of the muscle-specific 
isoform of the glucose transporter (GLUT-4) and reduced activity of the AMP deaminase are also 
adaptations seen in skeletal muscle following Cr-depletion (Ren and Holloszy, 1992; Ren et al., 
1993). 
In contrast to cytosolic CK, mitochondrial CK cannot utilize ßGPA as a creatine analogue and 
consequently, ßGPA does not stimulate respiration in isolated rat cardiac mitochondria or skinned 
fibers (Zweier et al., 1991; Clark et al., 1994a; van Deursen et al., 1994b), nor does it inhibit 
creatine-stimulated respiration (Clark et al., 1994a). However, mitochondria respond to a lack of 
creatine by lowering their affinity for ADP (Clark et al., 1994a). Creatine depletion in ßGPA fed 
rats also elicited a compensatory increase in the citrate synthase activity, resulting in an overall 
higher mitochondrial ATP production in EDL muscle (Freyssenet et al., 1994). Finally, the 
impaired relaxation rate of ßGPA- loaded fibers suggests that there is an elevation of intracellular 
Ca2+ levels. As a result, mitochondrial Ca2+ levels increase and activate mitochondrial 
dehydrogenases. This in turn may result in an increase in the rate constant for oxidative 
phosphorylation as discussed above. The net effect may be a trade-off of the specific costs of energy 
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needed to maintain tension against a more rapid oxidative recovery after stimulation (Moerland and 
Kushmerick, 1994). 
Creatine depletion results in conspicious ultrastructural alterations of mitochondria. Administration 
of ßGPA to rats for 6-10 weeks induces the appearance of crystalline inclusions in enlarged 
subsarcolemmal mitochondria, mainly slow twitch soleus and diaphragm. After prolonged ingestion 
inclusions were also observed in fast-twitch EDL (Gori et al., 1988; Riesinger et al., 1992; De Tata 
et al., 1993). Although a similar effect could be induced by culturing adult rat cardiomyocytes in 
vitro in the presence of ßGPA (Eppenberger-Eberhardt et al., 1991), crystals have not been 
observed in the hearts of analogue-fed rats (Zweier et al., 1991). The crystals induced were of two 
types: long ribbon-like peripheral inclusions, and regular staples of intracristal inclusions. A causal 
relationship with creatine deficiency was clearly established when the induced mitochondrial lesions 
were completely reversed by supplying creatine to the culture medium of the cardiomyocytes, or by 
the withdrawal of ßGPA from the diet (Eppenberger-Eberhardt et al., 1991; De Tata et al., 1993). 
Interestingly, antibodies directed against CKmit react very strongly with the abnormal mitochondria 
in the cultured cardiomyocytes, and immuno-electron labelling has shown that specifically the 
crystalline inclusions are highly enriched for CKmit (Eppenberger-Eberhardt et al., 1991). Indeed, 
under certain experimental conditions in vitro, the octameric CKmit forms ribbon-like filaments that 
are reminiscent of the intramitochondrial inclusions (Schnyder et al., 1991). 
Figure 5. Accumulation of CKmit in intramitochondrial inclusions. Muscle biopsies from patients with CPEO 
(A and B) and Kearns-Sayre syndrome (C) display two types of crystalline inclusions. Type I crystals (A and 
B) occur only in type I muscle fibers and are preferentially located in the intracristae space. Type II crystals 
(C) appear more electron-dense and are always found in the intermembrane space of mitochondria in type II 
muscle fibers. Both types of crystals show specific labelling with antibody raised against sarcomeric CKmit of 
chicken. Photographs were kindly provided by Prof. A. Stadhouders. 
The ultrastructural abnormalities described above are very similar to those observed in several 
human mitochondrial myopathies; a diverse group of disorders characterized by defects in 
mitochondrial function (Stadhouders, 1981; Schmalbruch, 1983). The molecular basis for many of 
these defects is now known to involve mutations in mitochondrial DNA (Wallace, 1993), but can 
also be related to mutations in nuclear-encoded proteins involved in oxidative phosphorylation 
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(Brown and Wallace, 1994). The crystalline inclusions in mitochondria from patients with chronic 
progressive external ophthalmoplegia (CPEO) specifically react with antibodies against CKmit 
(Figure 5), and detailed examinations of the crystal structure showed it to be very similar to that 
described for the isolated octameric CKmit (Schnyder et al., 1991; Stadhouders et al., 1994). CPEO 
has been associated with both large-scale deletions of mitochondrial DNA and two point mutations 
in tRNA genes (Schon et al., 1994). The conspicious proliferation of abnormal mitochondria seems 
to be a cellular compensation for a deficiency in oxidative phosphorylation. mRNA levels of 
nuclear-encoded OXPHOS genes, including ANTI and the ß-subunit of ATP synthase, and 
mitochondrially encoded OXPHOS genes, are greatly increased in skeletal muscle of patients with 
OXPHOS deficiencies (Heddi et al., 1993). In a study of six CPEO patients the specific activity of 
CKmit was clearly enhanced in those muscles in which mitochondrial crystals were observed. In 
contrast to the ßGPA-treated animals and cardiomyocytes, however, the total creatine content was 
similar in all CPEO muscles, regardless of the appearance of mitochondrial inclusions (Smeitink et 
al., 1992). 
Unfortunately, studies of brain energy homeostasis from Cr analogue-treated animals are lagging 
far behind. It is known that brain Cr and PCr levels in mice fed ßGPA are almost unchanged 
(Holtzman et al., 1989). In mice fed the Cr analogue cCr, levels of brain PCr were lowered by 
40%, but levels of ATP, P„ and glucose were not altered (Woznicki and Walker, 1980). During 
ischemic episodes PcCr was shown to act as a supplemental reservoir of high-energy phosphate 
which can prolong the time before exhaustion of ATP. A thorough investigation of the effects of 
interfering with the overall energy balance of brain tissue may reveal whether neuronal cells are able 
to display the same high level of plasticity as muscle cells. 
A new and interesting aspect of cCr is that it inhibits the growth of cancer cells derived from 
solid tumors (Lillie et al., 1993). This analogue interferes with the cell cycle of tumor cells as well 
as with the replication of human herpes viruses, and is potentially a new anticancer agent (Lillie et 
al., 1994; Martin et al., 1994). These studies imply a role for CKBB, the only cytosolic isoform 
expressed in solid tumors, in the regulation of the cell cycle. 
1.7 ANIMAL MODELS FOR CK-FUNCTION CREATED BY MOLECULAR GENETIC 
TECHNIQUES 
Molecular genetic techniques have been applied for the study of structure-function relationships by 
altering the expression levels of the CK isoenzymes in vivo. For example, transgenic techniques 
have been applied to direct B-CK and UbCKmit isoenzyme expression to mouse liver, as well as to 
induce ectopic B-CK expression in striated muscle tissue (Koretsky et al., 1990; Brosnan et al., 
1990 and 1993). Mice completely deficient in M-CK subunits and mice expressing reduced levels of 
M-CK have been generated by gene targeting in mouse embryonic stem (ES) cells and germline 
transmission of the introduced mutations (Van Deursen et al., 1993 and 1994a). The most 
conspicious findings will be discussed in this chapter. 
An introduction to transgenesis and gene targeting 
The rapid development of techniques to manipulate gene expression in experimental animals is 
providing us with powerful new tools to study the CK/PCr system. Normal or mutant genes of 
interest can be either overexpressed, or their expression can be directed to specific tissues using 
"conventional" transgenesis by micro-injecting DNA into the fertilized egg. In an alternative 
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approach, gene targeting in mouse embryonic stem (ES) cells creates the possibility to produce mice 
carrying predesigned mutations in the germline (Thomas and Capecchi, 1987). This sophisticated 
technique has already been used to generate over 250 new mouse lines. As it is beyond the scope of 
this thesis to review all applications and results of this new methodology, the interested reader is 
referred to several reviews of leading researchers in this field (Capecchi, 1989; Evans, 1989; 
Joyner, 1991; Rossant, 1991; Hooper, 1992; Smithies, 1993). The ultimate aim of these approaches 
is to obtain a better understanding of the function of gene products in vivo and important clues can 
often be obtained by making an inventory of phenotypic consequences of the introduced gain- or 
loss- of function mutations. As a note of caution however, it should be mentioned, that one may not 
always get a clear impression of the primary effects of mutations, since phenotypic consequences 
can be extremely complex and result from adaptive changes and "reprogramming" of cellular 
lineages during development and growth. To overcome these problems, at least in theory, two tiered 
mutagenesis and breeding methods have been developed for conditional gene targeting; i.e. the 
introduction of somatic mutations in a subset of cells at a given point in development (Gu et al., 
1993 and 1994). Another important aspect of genetics which has largely escaped attention thus far is 
the effect of genetic heterogeneity on the introduced mutation (Baribault et al., 1993). Moreover, in 
systems where somatic mutations are induced in fully differentiated tissues, the phenotype may 
result from spreading or dilution effects in complex metabolic networks (Barinaga, 1994). There are 
many reasons to believe that energy homeostasis is such a complex network. 
Mouse models with ectopic CK expression 
Initially, some basic questions on energy homeostasis were addressed by ectopic expression of CK 
isoforms in mouse tissues. Transgenic B-CK expression in liver, which itself lacks significant levels 
of CK, was used to calculate the level of free cellular ADP (Koretsky et al., 1990; Brosnan et al., 
1990). Induction of anoxia in the livers of these transgenic mice was shown to decrease the PCr 
level, indicating that the concentration of PCr is influenced by the hepatic energy status (Koretsky et 
al., 1990). Furthermore, ATP levels and the intracellular pH were found to be buffered, and the 
onset of cellular damage was delayed by the presence of CK and PCr (Miller et al., 1993). These 
data thus support the temporal buffering function of the CK/PCr system. In a similar approach, 
expression of human UbCKmit was targeted to mouse liver, and found to be specifically localized in 
the intermembrane space of hepatic mitochondria (Miller et al., personal communication). These 
mitochondria displayed an abberant morphology with sharp rectangles and electron-dense regions in 
the intermembrane space, reminiscent of the paracrystalline inclusions observed in Cr-depleted 
muscle tissue and in mitochondria of patients with mitochondrial myopathies, as mentioned above. 
Increasing the hepatic Cr and PCr levels by supplementing creatine to the diet of the transgenic 
animals, led to the disappearance of the unusual morphology. Since the Cr to PCr ratio is known to 
affect the CKmit octamer/dimer ratio in vitro (Lipskaya et al., 1985), this transgenic model lends 
further support to the idea that CKmit octamer aggregation is involved in the formation of the 
crystalline inclusions. When oxidative phosphorylation was inhibited in the livers with ectopic 
UbCKmit expression, CKmit was able to catalyze the conversion of PCr to ATP, and delay the 
timepoint of ATP decline. 
The importance of CK isotype and tissue/cell specific expression was studied in another series of 
transgenic mouse lines by placing the B-CK gene under control of the rat skeletal α-actin or the 
human cardiac a-actin promoter (Brosnan et al., 1993). The presence of B-CK subunits in muscles 
resulted in a redistribution of CK isoenzymes with a higher relative contribution of CKMB and 
CKBB, and a subsequently lower level of CKMM. Significant levels of CKMB were associated with 
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the myofibrils, but the use of subunit-specific antibodies will be necessary to determine if indeed 
CKBB can replace CKMM in the transgenic myofibril. Skeletal muscle from the transgenic lines 
with the highest CKBB expression exhibited CK activities 50% above control values, while the CK-
catalyzed reaction rate was double that of controls. Since there were no changes in levels of Cr, 
PCr, ATP, or P¡ in these muscles, the CK reaction must be in equilibrium in the resting muscle. 
These studies make clear that mice with CK transgenes will become most valuable tools for 
assessing the role of CK in compartmentalized energy conversion processes and in the significance 
of CK action during muscle activity. 
Mice generated via gene targeting at the M-CK locus 
Our group has focussed on CK depletion models to study the biological significance of the 
CK/PCr circuit. Gene targeting in ES cells was used to generate mice which completely lack M-CK 
subunits, as well as mice expressing reduced levels of M-CK (van Deursen et al., 1993 and 1994a). 
Mice deficient in M-CK subunits are viable and show no obvious phenotypic abnormalities (van 
Deursen et al., 1993). Levels of free ATP, Cr, PCr, and P„ as well as the intracellular pH, are 
normal. In vim "P NMR studies on M-CK deficient skeletal muscle revealed some unexpected 
characteristics of the phosphate metabolites. Despite normal levels of CKmit, the flux through the 
CK reaction was not detectable in mice completely lacking M-CK. 3,P transfer between ATP and 
PCr became detectable only when CKMM activity was at least 50% of wild-type. These results 
suggest that at lower levels of M-CK expression all dimers are associated with subcellular structures 
and not visible in NMR spectroscopy. If we combine these data with the 2-fold increase in CK-flux 
in muscles of transgenic mice overexpressing the B-CK subunit (Brosnan et al., 1993), this would 
suggest that only the flux through the soluble CK pool is NMR-detectable. The most striking finding 
in M-CK deficient muscles was the hydrolysis of PCr with a concomitant increase in P, during 
electrical stimulation; a phenomenon well known to occur in wild-type muscle but not expected in 
M-CK knock-outs (van Deursen et al., 1993). PCr degradation in these muscles may be catalyzed 
by an as yet unknown enzyme, or may proceed via shunting through mitochondria where ScCKmit 
is still present at normal levels. 
Further studies revealed a clear physiological phenotype, in that muscles deficient in M-CK lack 
burst activity. Although their initial peak tension is normal, muscle force quickly drops during the 
next subsequent twitches. This is in agreement with the PCr pool functioning as a direct reservoir of 
high-energy phosphate at the onset of muscle work (van Deursen et al., 1993; Meyer et al., 1984). 
The drop in muscle force was found to correlate with the level of CKMM activity (van Deursen et 
al., 1994a). In mutant cardiac fibres, the lack of CKMM was found to hamper local ATP generation 
in the vicinity of the myofibrillar ATPase, thereby resulting in a decrease in the rate of crossbridge 
cycling. A similar mechanism may effect the relaxation, induced by the addition of PCr, of rigor 
tension in control muscle. The absence of PCr-inducible relaxation in mutant muscles shows that 
there is no enzyme available for rapid PCr utilization in these compartments (Ventura-CIapier et al., 
personal communication). 
During prolonged stimulation of skeletal muscle, the force of contraction remained virtually 
constant in all mutants, except for the mice completely lacking M-CK. These null-mutants exhibited 
an increase in endurance performance, probably due to adaptational changes in their fast-twitch 
fibers. In these animals, type 2A and 2B fibers developed an increased intermyofibrillar 
mitochondrial volume with a concomitant increase in cytochrome с oxidase and citrate synthase 
activities, and in the rate of pyruvate oxidation (van Deursen et al., 1993). Enhanced, direct energy 
transport via ADP and ATP was further accommodated through increased mitochondrial sensitivity 
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for ADP in oxidative fibers (Veksler et al., personal communication), and a higher glycogen content 
and breakdown rate in type 2 fibers. The total picture that emerged from these initial 
characterization studies are summarized in Figure 6. 
Additional additive effects were induced by feeding of the creatine analogue ßGPA to the M-CK 
deficient mice (van Deursen et al., 1994b). Activities of mitochondrial enzymes as well as the 
glycogen content were further increased in the presence of the analogue. The reduction in type 2B 
fibre size described previously (Shoubridge et al., 1985) was also noticed in the creatine-depleted 
M-CK deficient muscles. These muscles developed a maximal isometric twitch force 3096 below NI-
CK deficient or ßGPA loaded wild-type muscles. In summary, M-CK inactivation and feeding of 
ßGPA have additive effects on metabolism, morphology and physiological function of fast-twitch 
fibers. These results emphasize the importance of the CK/PCr system for buffering immediate high-
energy phosphate demands in glycolytic muscle cells, designed for short-term activity. The 
architecture and performance of slow-twitch fibers, however, remain unaffected. The role of the 
cytosolic CK/PCr system in oxidative muscle tissue, including the heart, is currently the subject of 
further study. 
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Figure 6. Hypothetical functional consequences of 
reduced levels of CKMM activity in mouse. (A) Mice 
with different activities of CKMM are ready to start in 
two competitions: the 10 meters sprint and the long-
distance 1 kilometer run. (B) Due to the lack of burst 
activity, M-CK deficient mice would end up last in the 
sprint competition. Lowered levels of CKMM activity 
correlate with the ability for short-term generation of 
force. Therefore, the outcome is predicted to be: 1. 
wild-type, 2. 50% CKMM, 3. 34% CKMM, 4. 16% 
CKMM, and 5. 0% CKMM. (C) M-CK deficient mice 
may perform best in the long-endurance contest, due 
to a higher capacity of aerobic energy production as a 
result of an increased mitochondrial volume. This 
adaptation was not observed in mice with lowered 
CKMM activities and they are expected to finish equal 
with the wild-type mouse. Adapted from a concept 
provided by Jan van Deursen. 
31 
1.8 AIM AND OUTLINE OF THIS THESIS 
The studies described in this thesis were aimed at furthering to our understanding of the 
physiological role of the CK/PCr system in energy homeostasis, with special emphasis on 
mitochondrial CK. The experimental approach chosen was to disrupt the CK/PCr system via gene 
targeting in mouse embryonic stem cells, and to generate mice deficient in mitochondrial CK 
isoenzymes. Based on data in the literature, it was expected that these enzymes would fulfil 
important functions in (i) the provision of high local ADP concentrations for increasing 
mitochondrial respiration and (ii) the channeling of high-energy phosphate into the cytosol. 
At the initiation of this study, the only published nucleotide sequences were of the chicken 
sarcomeric CKmit cDNA (Hossle et al., 1988) and the cDNA and gene of human ubiquitous CKmit 
(Haas et al., 1989). The first step was therefore to isolate the gene encoding the ubiquitous CKmit 
of the mouse. Chapters 2 and 3 from this thesis describe the organization and chromosomal 
localization of the mouse UbCKmit gene and the attempts to identify sequences involved in 
regulation of its transcription. Subsequently, using previously reported strategies (Thomas and 
Capecchi, 1987), a targeting vector for homologous recombination in mouse ES cells was designed 
and used to generate ES cell lines with one or both UbCKmit alleles inactivated. Since UbCKmit is 
expressed very early during mammalian development, mitochondrial ultrastructure and OXPHOS 
characteristics could be studied in the doubly targeted cell lines (chapter 3). The pluripotent 
UbCKmit deficient ES cell lines, which can be induced in vitro into various differentiation 
pathways, thus can serve as a useful cellular model for UbCKmit deficiency. 
In a parallel approach, a genomic DNA fragment spanning part of the mouse sarcomeric CKmit 
gene was isolated and a targeting vector was constructed. Fast improvements in the methodology of 
gene inactivation and a better understanding of ES cell manipulation conditions (van Deursen, 1994) 
subsequently enabled us to generate heterozygous and homozygous mice with null mutations in both 
CKmit genes. The major emphasis in ScCKmit mutant mice was on altered characteristics of muscle 
(chapter 5), while the examination of the UbCKmit deficient mice was focussed mainly on their 
reproductive capacity (chapter 4). Finally, the ScCKmit deficient mice were intercrossed with M-CK 
deficient mice generated previously (van Deursen et al., 1993). The histological, biochemical, and 
physiological consequences of complete removal of the CK system from cardiac and skeletal muscle 
are described in chapter 5. 
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Members of the creatine kinase isoenzyme family (CKs; EC 2.7.3.2.) are found in mitochondria and 
specialized subregions of the cytoplasm and catalyze the reversible exchange of high energy 
phosphoryl between ATP and phosphocreatine (PCr). The expression of the three cytoplasmic (BB-
CK, MB-CK and MM-CK) and two mitochondrial (ubiquitous and sarcomeric) isoforms is tissue 
specific and developmentally regulated. At least four functionally active genes, which encode the 
distinct CK subunits (СКВ, CKM, CKMT1 (ubiquitous) and CKMT2 (sarcomeric), and a variable 
number of СКВ pseudogenes have been identified (2, 4, 5, 13). By genetic linkage and physical 
mapping approaches the СКВ and CKM genes have been subregionally assigned to evolutionary 
conserved segments on human Chromosomes 14q32 and 19ql3.2 and mouse Chromosomes 12 and 
7A, respectively. Recently, the CKMT2 gene has been localized on human Chromosome 5ql3.3 by 
in situ hybridization (10). The CKMT1 gene has been assigned to human Chromosome 15 (13), but 
the subregional location of this gene, which shares 80% homology between the coding exons with 
the CKMT2 gene (7), is unknown. Also its position on the linkage map of the mouse genome is still 
unclear. 
Here, we report the use of a CKMT1 containing phage (EMBL Ace. No. Z13969) to map the 
CKMT1 gene by in situ hybridization on both human and mouse chromosomes. To obtain a more 
precise subregional assignment and to confirm the localization on a specific mouse chromosome a 
double labeling experiment with a cosmid containing the human ß2-microglobulin (B2M) gene as an 
anchor locus was also carried out. This gene is a representative of the syntenic group of genes that 
is found on human Chromosome 15 and mouse Chromosome 2 (6, 12). 
In situ hybridization was performed on metaphase chromosomes from colchicine-synchronized 
peripheral human blood lymphocytes or cultured mouse 129/sv embryonal stem cells. Probe labeling 
and fluorescent in situ suppression hybridization (FISH) was done as described elsewhere (14), with 
some minor modifications. The biotine labeled CKMT1 probes were detected by successive 
incubations with avidine-FITC and biotinylated goat anti-avidin antibodies (Vector laboratories). In 
the double labeling experiment, the B2M-probe was labeled with dig-11-dUTP and detected by 
incubation with Rhodamine-conjugated sheep anti-digoxygenin antibody (Boehringer GmbH) and 
Texas Red-conjugated rabbit anti-sheep antibody (Jackson's Immunoresearch Labs). Images were 
recorded on a CCD camera and processed as described (14). For every experiment 25 metaphase 
spreads giving a hybridization signal were analyzed. 
In all human metaphase spreads the previous assignment of the CKMT1 gene to Chromosome 15 
could be confirmed. Moreover, images of fluorescent signals superimposed over positively imaged 
G-banded chromosomes localized the CKMT1 gene to band 15ql5 (Fig. 1A and IB). On mouse 
metaphase spreads signals were only observed on Chromosome 2, specifically bands F1-F3 (Fig. 1С 
and ID). In both experiments no cross-hybridization with other loci, such as the CKMT2 gene, 
could be detected. In the double labeling experiment with the B2M probe, the signal from the 
CKMT1 gene was superimposed on the B2M signal in all positive metaphases analyzed (Fig. 1С). 
Our FISH assignments are in concordance with previous mapping results that position genes in the 
conserved areas on human Chromosome 15 and mouse Chromosome 2 (i.e. qll-22 and E4-F3, 
respectively; 12). On human Chromosome 15 the CKMT1 gene lies in close proximity to the limb-
girdle muscular dystrophy (LGMD2) gene (1) and the congenital contractural arachnodactyly (CCA) 
gene (8). Each of these genes has a homologous counterpart on Chromosome 5 (8, 11). A third set 
of homologous genes in the pertinent segments are the genes encoding the apolipoprotein regulatory 
proteins (ARP and ERBAL3) (3, 9). The recent assignment of the CKMT2 gene to human 
Chromosome 5ql3.3 and our CKMT1 mapping data presented here, suggest that the mitochondrial 
CKs also arose from the same ancient chromosome duplication event that involved all of these 
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genes. This event must have taken place well before the speciation of mammals because all 
mammalian species seem to contain two types of mitochondrial CK genes. 
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FIGURE 1. Fluorescent in situ hybridization of the ubiquitous mitochondrial creatine kinase (CKMT1) locus 
performed on human (A and B) and mouse (C and D) metaphase spreads. Fig. 1A shows hybridization of the 
biotin-14-dATP labeled CKMT1 probe to human Chromosome 15ql5 (arrow). This was confirmed using a 
Chromosome 15 specific centromere probe (arrowhead) and by G-banding (IB). Fig. 1С shows the 
superimposing signals of the CKMT1 (arrow) and the dig-11-dUTP labeled ß2-microglobulin (arrowhead) 
probes on mouse Chromosome 2 bands F1-F3, as confirmed by DAPI staining (ID). 
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ABSTRACT 
Individuai members of the creatine kinase isoenzyme family (CK; EC 2.7.3.2), which play a 
prominent role in energy homeostasis, are encoded by four separate nuclear genes. We have 
isolated and characterized the complete mouse UbCKmit gene, the product of which is 
ubiquitously expressed and is located in the intermembrane space of mitochondria. 
Transcription of this gene is initiated at multiple adjacent positions and the region immediately 
upstream of these sites shares many features with genes encoding housekeeping proteins. These 
include a high G/C content, absence of TATA and CCAAT motifs and presence of SPI and 
API recognition sequences. In addition, a binding site for HIP1, hormone-responsive elements, 
and three Mt-motifs, known as boxes shared between nuclear genes encoding mitochondrial 
proteins, were identified. 
To study the functional role of the UbCKmit protein we have inactivated both UbCKmit 
alleles in mouse embryonic stem (ES) cells. UbCKmit deficient cells, obtained by consecutive 
rounds of gene targeting using homologous recombination and drug-selection driven gene 
conversion events, show no obvious growth disadvantage or abnormal differentiation potential. 
Activities of mitochondrial cytochrome с oxidase and citrate synthase as well as the rate of 
pyruvate oxidation showed values equal to those in wild type cells, indicating a normal aerobic 
metabolism. Mitochondria of in vivo differentiated knock-out cells were structurally intact, as 
demonstrated by electron microscopy. Approaches to further study the role of the UbCKmit 
gene are discussed. 
INTRODUCTION 
Cells with high and fluctuating energy demands contain only low amounts of ATP, but are 
equipped with a substantial additional energy reservoir in the form of phosphocreatine (PCr). 
Reversible transfer of high-energy phosphoryl groups between both compounds occurs at specialized 
subcellular locations and is catalysed by creatine kinase (CK) enzymes in the reaction PCr + ADP 
+ (H+) «* Cr + ATP. This compartmentalized transfer process is known as the phosphocreatine 
shuttle (Bessman and Geiger, 1981; for reviews see Wallimann et al., 1992; Wyss et al, 1992; 
Saks and Ventura-Clapier, 1994). Through this circuit the mitochondrial and cytosolic end points of 
production and consumption of cellular free energy are linked. 
The mitochondrial CKs (CKmit) exist as octamers composed of four identical homodimers of 
either the ubiquitous (Ub) or sarcomeric (Sc) subunits. In contrast, the cytosolic isoenzymes 
(CKMM, -MB, and -BB) are hetero- or homodimers composed of M (muscle) and В (brain) 
subunits. The individual CK subunits are encoded by separate nuclear genes, which are located on 
four different chromosomes in both man and mouse (Wyss et ai, 1992; Steeghs et al., 1994). Their 
expression is strictly regulated, resulting in characteristic tissue-specific isoenzyme patterns during 
development and in adult stages (Trask et al., 1988; Lyons et al., 1991; Payne et al., 1991; 
Wegmann et al., 1991; Friedman and Roberts, 1994; Payne and Strauss, 1994). 
Although the mechanisms of expression of the mitochondrial CKs are still poorly understood, it is 
generally observed that their expression is regulated to some extend in parallel to the cytosolic CK 
members. I.e. ScCKmit is found together with CKM in heart and skeletal muscle, and UbCKmit is 
expressed in conjunction with СКВ in brain, and various other tissues (Walliman et al., 1989; 
Payne et al., 1991; Friedman and Roberts, 1994). This coordination requires sharing of trans-acting 
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factor(s) for tissue specific activation as well as individual gene regulatory influences for specific 
responses to alterations in cellular energy demand, and makes the CK gene family an attractive 
object for study of expression regulation. 
Also the intracellular distribution of individual CK proteins forms an interesting paradigm for 
studies into the compartmentalization of energy homeostasis. The mitochondrial creatine kinase is 
found along the outside of the inner mitochondrial membrane, and is especially enriched in the 
energy-transfer contact sites (CS), where the inner and outer mitochondrial membranes are in close 
apposition (Adams et al., 1989; Wegmann et al., 1991). Having a central cavity and identical upper 
and bottom faces (Schnyder et al., 1991), the cube-like CKmit molecule would serve as an ideal 
building block between the two mitochondrial membranes (Rojo et al., 1991), and function as a 
phosphoryl-channelling molecule between the adenine nucleotide translocator (ANT; Saks et al., 
1985), and the voltage-dependent anion-selective channel (VDAC, porin; Bücheier et ai, 1991; 
Kottke et al., 1991). Dynamic formation of these associations allows efficient transport of high-
energy phosphoryl groups, as PCr, into the cytosol (Wyss and Wallimann, 1992). Here, a functional 
coupling of the cytosolic CK isoenzymes to subcellularly located ATPases secures the immediate 
availability of regenerated ATP for energy-requiring processes. Besides having a facilitary role in 
high-energy transport, the dynamic complexation of CKs with other subcellular structures may also 
serve in maintaining appropriate local ATP/ADP ratios and in the prevention of local acidification 
(see Wallimann et al., 1992; Wyss et al., 1992 for reviews). 
We have set out to obtain a better understanding of the regulation and biological functioning of 
the CK/PCr system by introducing targeted "loss of function" mutations in each of the individual 
genes for CK subunits, and studying the consequences of mutation in the normal cellular context. 
Via homologous recombination in mouse embryonic stem (ES) cells (Thomas and Capecchi, 1987), 
our group recently succeeded in the generation of mice completely devoid of functional CKM, as 
well as mice with graded loss of CKM levels (van Deursen et al, 1993; van Deursen et al, 1994). 
Additionally, pluripotent ES cells also provide a powerful system to follow the very first phases of 
embryonic development in vitro. Consequences of gene inactivation in ES cells can be studied ex 
vivo in differentiating cells and embryoid bodies in culture, or in developing embryos, 
teratocarcinoma-like tumors, and growing and adult animals, in vivo (Doetschman et al., 1985; 
Robertson, 1987). 
Here we report on the isolation and characterization of the complete UbCKmit gene of the mouse, 
including 2.5 kbp of 5'-flanking sequences. Also we report on the construction of a replacement-
type targeting vector for this gene and the study into the effects of targeted gene inactivation in ES 
cells and immediate differentiated derivatives thereof. As a prelude to its inactivation in animal 
models, cell clones completely devoid of functional UbCKmit subunits were generated and analyzed. 
Because the UbCKmit gene is expressed at the blastocyst stage (personal observation), we 
anticipated effects of UbCKmit ablation on energy metabolism in general and mitochondrial 
biogenesis in particular to become apparant at the earliest phases of development. Surprisingly, 
UbCKmit deficiency had no detectable phenotypic effects. 
METHODS 
Isolation of the mouse ubiquitous mitochondrial creatine kinase gene 
Using the previous published sequence of the human UbCKmit gene (Haas et ai, 1989), primers were 
designed to obtain a human genomic fragment spanning exons 7 through 9 by PCR. All DNA probes were 
labeled with [a-"P]dCTP by the random priming method (Feinberg and Vogelstein, 1983). Approximately 
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5.10* plaques of the lambdaFlX™II library from mouse Fl-hybrid [C57B1/6 χ CBA] genomic DNA 
(Stratagene, La Jolla, CA) were plated and screened in duplicate. Filters were hybridized overnight at 65°C 
in 0.5 M sodiumphosphate-buffer pH 7.2, 7% NaDodS04> 1 mM EDTA, washed to a final stringency of 
0.3xSSC/0.2%NaDodSO4 and exposed to Kodak X-Omat SI autoradiography films. Positive plaques were 
purified to homogeneity and characterized by restriction enzyme analysis and specific hybridizations. Using 
supercoil DNA sequencing (Hattori and Sak aki, 1986) the nucleotide sequence of the complete gene, 
including 2572 bp of 5'-flanking region, was determined. Approximately 80%, including all coding 
sequences, was sequenced on both strands, the remainder in one direction only. DNA sequence gel readings 
were recorded, compared, edited, and assembled using the IG-SUITE 5.35 package (Intelligenetics, Inc., 
Mountain View, CA). Deduced protein sequences were analyzed using the GCG package provided by the 
Dutch CAOS/CAMM Center. 
Isolation of 5' untranslated sequences 
A modification of a previous described method (Schuster et al., 1992) was employed to obtain the 
structures of 5' mRNAs as cDNAs. A specific oligonucleotide complementary to UbCKmit exon 8 (5' 
ATCAAAGACACCGCCTGTAGCA 3') was used to initiate a reverse transcription reaction (Superscript; 
BRL) from 2 μ% total mouse brain RNA. After RNase Η treatment, cDNA was separated from the primer, 
unincorporated nucleotides and protein using Gene Clean (BIO101, La Jolla, CA) and eluted in 20 μΐ H20. 
Next, 5 μ\ of the first strand cDNA pool was used for dG-tailing with terminal deoxynucleotidyl transferase 
(TdT; Promega). Mouse UbCKmit cDNAs were amplified in a PCR reaction using a sense C-tail primer (5' 
AAGGAATTC(C),2 3') and a nested antisense primer located in exon 1 of the UbCKmit gene (5' 
AAAGCCTGGAGCCTGAGTCC 3'). The PCR mix contained 100 ng of each primer and 0.2 mM dNTPs in 
Cetus-Perkin Elmer recommended buffer. Thirty-five consecutive cycles, at 94°C for 1 min, at 55°C for 2 
min, and at 72°C for 3 min, were used. Resulting fragments were incubated with Proteinase К (10 mg/ml) 
for 30 minutes at 37°C (Crowe et al., 1991), blunted with Klenow DNA polymerase, 5' phosphorylated 
using T4 polynucleotide kinase and cloned in the Sma I site of the pBluescript SK+ vector. DNAs were 
transfected into competent MC1061 host bacteria and resulting colonies containing UbCKmit inserts were 
analyzed by double strand DNA sequencing. 
5/ nuclease protection assay 
Mapping of the 5' termini of the UbCKmit mRNA was done essentially as described by Berk and Sharp 
(1977). Three probes were employed for this purpose: probe A (-744 to +59), probe В (-640 to +59), and 
probe С (-209 to +59), with the first nucleotide of the ATG translation start codon referred to as +1 (Fig. 
4A). Probes were obtained by a PCR reaction using [c<-32P]ATP end labeled antisense primer located in 
UbCKmit exon 1 (see above) and a sense primer located in the multiple cloning site of the cloning vector. 
10.000 cpm of the labeled fragments was hybridized with 25 μg of total mouse brain or yeast RNA in an 
overnight incubation at 59°C. Following SI nuclease digestion at 30°C for 45 minutes, protected fragments 
were loaded on a 1 mm thick 6.5% acrylamide, ΊΜ urea gel. As molecular size markers end labeled 
fragments of digested lambda and pGEM3 plasmid were used. 
Construction of the targeting vector 
Starting from a 7 kbp Sst I subclone containing the complete UbCKmit gene, a replacement-type vector for 
homologous recombination was constructed. From this DNA the 0.6 kbp Bam Hl-Bgl II fragment containing 
exons 7 and 8 was deleted and replaced by neomycin (neo1) or hygromycinB (hygroB1) resistance positive 
selection cassettes that have been described previously (van Deursen et al., 1991) (Fig. 6B). 
Embryonic stem cell culture 
The wild-type ES cells were derived from mouse strain 129 blastocysts (Evans and Kaufman, 1981). ES5 
cells were obtained from Dr. C. Mummery, Hubrecht Laboratory, Utrecht, The Netherlands, and CCE cells 
were donated by Dr. M. Evans, Cambridge, UK. Both cell lines were grown on gelatine coated culture flasks 
in 60% Buffalo rat liver (BRL)-conditioned Dulbecco's modified Eagle's medium with 20% fetal calf serum, 
2 mM glutamine, 1 mM sodium pyruvate and 0.1 mM ß-mercaptoethanol (Smith and Hooper, 1983). The 
ABl cell line (McMahon and Bradley, 1990) was a kind gift of Dr. A. Bradley. These cells were grown on a 
layer of irradiated SNLH9 feeder cells (van Deursen et al., 1992a) in unconditioned culture medium 
supplemented with 15% FCS. 
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- 2 0 9 TGCTCTGGC T6GCTCCTTG CTTCGCTGCG CTTCTCCTCC AGCCTGGTAG GCACCGGCTG CCACTTCAGC TTCAGCCTTC ATCGTGACCC CTATTTT6GC 
- 1 1 0 TCCAGTCTCC GACCCAGCTC CGTCCTCTCT CTACCCGGTT G U T C T T C C C TCCTAGTTCC TGACTTGCAC CAGATCCTGC TCTGAATCTT TGTAGCCGCA TCCCCAAGCC 
1 ATG GCT GGT CCC TTC ТСС CGT CTG CTG TCT GCC CGC CCT GGA CTC AGG CTC CTG GCT TTG GCT GGA OCT GGG TCT CTC ACC GCC GGG ATT 
9 1 CTG CTC CGC CCG GAA TCT OTA GGA GCT GCC GCT GCT GAA CGG AGG AGA CTG TAT CCC CCG AGC GCT GAG TAC CCA GAC CTC CGA AAG CAC 
" ^ Л И Ы Й Й Щ Г Й A A A E R R R L T P P S A E V P D L R I C I t 
1B1 AAC AAC TGC ATG GCC AGT CAC CTG ACC CCA GCA GTC TAT GCA CGG CTC TGC GAC AAG ACC АСА CCC ACT GGT TGG АСА СТА GAT GAG TGC 
« I N N C H A S H L T P A V T A R L C D K T T P T G U T L D Q C 
2 7 1 АТС CAG ACT GGA GTG GAC AAC С П GGC CAC CCC TTC АТС AAG ACT GTG GGC ATG GTG GCT GGA GAT GAG GAG ACC TAT GAG GTA TTT GCT 
9 1 I 0 T G V D H P G H P F I K T V G H V A G D E E T Ï E V F A 
3 6 1 GAA CTG TTT GAC CCT GTG АТС CAA GAG CGG CAT AAT GGA TAT GAC CCC AGA АСА ATG AAG CAC ACC ACT GAC CTT GAT GCC AGT AAA ATT 
1 2 1 E L F D P V I Q E R H M G T D P R T H I C H T T D L D A S I C I 
D 
4 5 1 CGT TCT GGC TAC TTT GAT GAG AGG TAT GTA TTG TCT TCA AGA GTC AGA ACT GGC CGA AGT АТС AGG GGA CTC AGT CTC CCT CCA GCC TGC 
1 5 1 R S G Y F D E R Ï V I S S R V R T G R S I R G L S L P P A C 
5 4 1 ACT CGG GCA GAG CGA AGA GAG GTA GAA CGT GTT GTG GTG GAT GCT CTG AGT GGC CTG AAG GGT GAC CTG GCT GGA CGG TAC TAT AGG CTC 
1 8 1 T R A E R R E V E R V V V D A L S G L K G D L A G R T Y R L 
6 3 1 AGT GAG ATG ACG GAG GCC GAA CAG CAG CAG CTT ATT GAT GAC CAT TTT CTG TTT GAT AAA CCT GTG TCC CCA TTG CTG ACT GCA GCA GGA 
2 1 1 S E M T E A E Q Q Q L I D D H F L F D K P V S P I . L T A A G 
5 2 1 ATG GCT CGA GAC TGG CCT GAT GCT CGA GGG АТС TGG CAC AAC AAT GAG AAG AGT TTC TTG АТС TGG GTG AAT GAG GAG GAC CAC АСА CGG 
2 4 1 H A R 0 U P D A R G I W H N N E K S F L I U V N E E D H T R 
6 1 1 GTC АТС TCT ATG GAG AAA GGC GGC AAC ATG AAG AGA GTG TTT GAA AGA TTC TGC CGG GGC CTC AAA GAG GTG GAG AAG CTG АТС CAG GAA 
2 7 1 V I S M E K G G N M K R V F E R F C R G L I C E V E K L I Q E 
• о 
7 0 1 CGA GGC TGG GAG TTC ATG TGG AAT GAG CGT TTA GGC TAC АТС TTG ACC TGT CCA TCT AAC CTG GGC ACT GGA CTT CGG GCA GGA GTC CAC 
3 0 1 R G U E F N W H E R L G r i l . T Ç P S H L G T G L R A G V H 
7 9 1 АТС AAA CTG CCA CTG CTG AGC AAA GAT AAC CGC TTC CCA AAG АТС CTG GAG AAC СТА AGA CTG CAA AAG CGT GGA ACT GGA GGA GTG GAC 
3 3 1 I K L P L L S K D N R F P K I L E H L R L a K R G T G G V D 
о · 
8 6 1 ACT GCT GCT АСА GGC AGC GTC TTT GAC АТС TCT AAT TTG GAT CGA CTT GGC AAG TCA GAG GTG GAG CTG GTG CAG CTC GTC АТС GAT GGG 
3 6 1 T A A T G S V F D I S H L D R I G K S E V E L V Q L V I D G 
• о · 
9 7 1 GTG AAC TAT TTG ATT GAC TCT GAA CGG CGT CTG GAG AGA GGA CAG GAT ATT CGA АТС CCT CCA CCT CTT GTC CAC AGC AAA CAT TAA 
3 9 1 V N Y L I D C E R R L E R G 0 0 I R I P P P I . V H S I C H * 
1 0 5 8 CTCCCCATCC CCAGCGGATG AGTCAAGACC CCCAGGACTT CTGCATATTT AACAGTGGCC CAGTCTACTT GCCCTGGACC TGCCTCTCTC CCTGTCCTAG TAAAGACTCC 
I I 
1 1 6 8 ACATTATGTT G C t A ] . 
FIG. 1. Mouse UbCKmit cDNA and encoded polypeptide sequence. The nucleotide sequence is numbered 
with the A of the ATG translation codon positioned at +1. In the 3' untranslated region, the polyadenylation 
signal sequence is boxed. The predicted amino acid sequence (419 residues) is shown below the nucleotide 
sequence in single-letter code. An asterisk marks the translation stop codon. The essential cysteine at position 
278 of the mature protein is underscored. The shaded box shows the predicted mitochondrial transit peptide. 
Closed circles under the amino acid residues mark non-conservative amino acid changes with respect to 
human or rat UbCKmit protein sequences. Open circles mark conserved amino acid changes. We have used a 
scoring table in which comparisons of identical residues score 1.5, and non-identical residues yield a score 
derived from the mutational difference matrix (MDM78) of Schwartz and Dayhoff (1978). 
Electroporation and drug selection 
Targeting vector DNA was introduced into the ES cells by electroporation with a TA750 transfection 
apparatus (Kruss GmbH Hamburg, Germany). ES cells were grown to subconfluency, trypsinized, washed 2 
times and resuspended at 5.107 cells per ml in electroporation buffer (0.28 M sucrose, 1 mM potassium-
phosphate (pH 7.1), 0.5 mM CaCl2, and 0.1 mM MgCI2). Per experiment 10 μg Ssl I-digested targeting 
vector DNA was mixed with 0.4 ml cell suspension. Cells were given a single pulse of 100 ^sec at 2.25 
kV/cm, allowed to recuperate at room temperature for 5 minutes and plated on four 10-cm dishes. Selection 
was applied 24 hr after electroporation with 250 μg/ml G418 (Gibco/BRL) for CCE cells or 500 /ig/ml for 
ES5 cells, and 300 /ig/ml hygromycin В (dry powder, Sigma) for ABl cells. The selection medium was 
changed regularly, and cells were allowed to grow for another 12 days before separate colonies were picked 
and expanded into cell lines for further analysis. 
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TGTCTGCTTT 
GCTTTCATTC 
GTGGAAACAA 
AGAAGACAGA 
GTTTAAACTG 
GCCTGTTCCA 
CTCCAGTCCT 
CATTCCCTGC 
TACTCAGGAA 
TAAAAGATCA 
CCCCAATGAG 
AGATAGACAG 
TTAGGAAAGC 
CTTGAGGCTG 
CTGTGGTTTT 
TTCAATTCAG 
AAATAGACGG 
TTCGGGAATC 
GGTGGGCGTC 
GTGCTACCCA 
AGTGÂGCCCC 
CTTCGCTGCG 
ATCGTGACCC 
GCATCTTCCC 
TCCCCAAGCC 
GCTTTGGCTG 
CCCTTCCTGC 
ACCCTCTTGA 
GACTCCCTGA 
CCTTAGCAAG 
TTCCACACCC 
AGGAACTGCC 
CCAACCCCAG 
GAGTCCTTCG 
AAGGTGAAGC 
AGGCAGGAAA 
GATAAGAGCC 
ATAGGTGTAG 
TGCTGTCTTT 
CCTGCGGCTG 
AAAAGAGGCT 
ATTGGTTTCA 
CCCGTGGTGC 
TGTCTCCAGC 
ACCCCACCCC 
ACCCCTGGAG 
CTTCTCCTGC 
CTATTTTGGC 
TCCTAGTTCC 
ATG 
GCCCTCCGCA 
ACTAATAAAA 
GTCTGAGTAT 
TGACCTTATG 
CCAAGAGAGG 
AGTCATCTCA 
AGCTGCAGAG 
CCCCACACCC 
AACAGCAAAC 
AGGGGTTAGA 
TAGCCAAGCT 
AATAGCTTTC 
CTGGAGTTCC 
CCCCTGAGCT 
ACTCTCCTGG 
GGGCAATGTC 
GATTTAAACA 
TGTCCTCTAC 
CTCAGGGAGT 
CGCACACCTA 
ACTGCGGCTG 
AGCCTGGTAG 
TCCAGTCTCC 
TGACTTGCAC 
CCCAAACCTC 
GTCAAGTTGC 
GCACTTCGCA 
cècTTGGATA 
AAGCACGAGT 
CCAGACCCTC 
AAGAAGGAAG 
AGAGCAATCA 
AGATTTAAGC 
GTAGAGGAAA 
GAAGACTTGG 
TGATTCTTAA 
CTGGTGCTTC 
CGCTCAGTCT 
GGAAAATGGA 
AACCTCCCCA 
GAGAGGGTAT 
TTAGTGCTGA 
AAATCTCCAG 
GCGCGGTGGC 
GGGCCTCCCT 
GCACCGGCTO 
GACCCAGCTC 
CAGATCCTGC 
AGGTCTCTAT 
TCCTAGCCCA 
AAAGAGAGAG 
CTACCAGCCT 
GGTTCGGGAG 
СТССТСТСТТ 
AGAAGGAAGA 
ACAGGTAGGC 
CTGGAAAAGA 
AAAAGAAAAA 
AGGCAGTGAG 
GGGATCCTTT 
CTGGTTCTTA 
TCCTCCTCTA 
GAGATGGCGT 
CCCCCACCCC 
GAAAGAAGGG 
AATCTGACAC 
TCTTCTTAAT 
AGGCGGGAAG 
CTGCTCTGGC 
CCACTTCAGC 
CGTCCTCTCT 
TCTGAATCTT 
FIG. 2. Nucleotide sequence of the mouse UbCKmit gene 5' upstream region. Nucleotides are numbered 
with the A of the ATG translation start codon (large uppercase letters) positioned at + 1 . Bold letters indicate 
5' segments of the longest cDNA obtained by RACE cloning. Asterisks mark the most 5' nucleotides 
identified in the three RACE clones. Circles indicate the two most prominent transcription start sites 
(positions -186 and -198) as well as the most upstream one (position -246) as determined by SI nuclease 
protection. Putative binding motifs for AP2 are underlined, Spi boxes are double underlined, and the HIP1 
binding site is doubly overlined. The three Mt boxes are marked with an arrow, indicating their orientation 
on the coding strand. 
Southern blot analysis of targeted clones 
For Southern blot analysis of individual ES cell clones, approximately 8 μg of genomic DNA was digested 
with Bam HI, resolved by electrophoresis through 0.8% w/v agarose gels, and transfered to Biotrace Tm 
nylon membranes (Gelman Sciences Tm). Probes for the UbCKmit gene were a 100 bp Sst l-Bam HI 
fragment located just 3' outside of the targeting vector (probe A), and the deleted Bam Hl-Bgl II fragment 
(probe B, Fig. 6). For detection of the neo' gene, a 0.9 kbp Bam HI-Eco RI fragment obtained from 
pMClneoPOLA (Stratagene) was used (probe C). 
Generation of UbCKmit deficient ES cell lines 
Inactivation of the second UbCKmit allele was essentially performed as described by Mortensen 
(Mortensen et al, 1992). Four individual heterozygous ES cell lines were plated at a density of 1.10s cells on 
gelatin-coated dishes in BRL-conditioned medium. After 24 hours, selection at high G418 or hygromycin В 
levels (1 or l.S mg/ml) was started. Cells were allowed to grow into colonies and surviving clones were 
picked, expanded, and analyzed for gene conversion events. 
CTCAGCTTCA 
GCACGTAGCT 
CGGACCAGGA 
TCACACTCCA 
ACCTGTGCCT 
TATATTCCCC 
AGAAACTCAC 
TTTCAGACAC 
AGAAGAGAAA 
AAAAGCAGGT 
TTTGGGAGAC 
CTCGACCTTA 
GGGAAGGTGA 
TCTGTTTATT 
GCAGATCGAA 
CAAAACCCAG 
GGGTTTCAGG 
CCTCATCCTT 
TACCTGGCTA 
GCGGAGCCTG 
о • 
TGGCTCCTTQ 
TTCAGCCTTC 
CTACCCGGTT 
TGTAGCCGCA 
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Northern blot analysis 
Total cellular RNA from ES cell lines was extracted using the LiCl-urea method (Auffray and Rougeon, 
1980) and analyzed by Northern blotting according to standard procedures (Sambrook et al, 1989). Blots 
were subsequently hybridized with 32P-labeled probes of a 300 bp Pst i-Ava I fragment encompassing 
UbCKmit exon 1 and showing specificity for the UbCKmit gene only (probe D, Fig. 6), a CKB-specific 
probe derived from the 3' end of the mouse СКВ gene, and a 1.3 kbp Pst I fragment of rat glyceraIdehyde-3-
phosphate-dehydrogenase (GAPDH) cDNA (Fort et al., 1985). Hybridization was overnight at 65°C in 0.5 M 
sodiumphosphate-buffer pH 7.2, 7% NaDodS04> ImM EOTA. Blots were washed to a final stringency of 
lxSSC/1 %NaDodS04 at 65°C and exposed to Kodak X-Omat SI autoradiography films. 
Enzyme activity assays 
Cells were grown to subconfluency and harvested by trypsinization. The cell pellet was washed with 
phosphate buffered saline (PBS) and resuspended in PBS at 10.10* cells per 20 μΙ. Cell lysate suspensions 
were obtained by three rounds of liquid-N2 freeze-thawing and centrifuged for 20 min. at 12.000 rpm and 
4°C. Supernatant samples were applied to cellulose acetate membranes (Boskamp folien, LMB Laborservice 
GmbH, Bonn) and resolved by electrophoresis (200 V for 1 hr) in Tris-barbital buffer (pH 8.6). 
Subsequently, the CK isoenzymes were visualized by staining for CK activity according to Kanemitsu and 
Okigaki (1988). Cytochrome с oxidase and citrate synthase activities were determined in PBS/19&FCS lysates 
by the methods of Cooperstein and Lazarow (1951) and Srere (1969), respectively. Rates of [l-'4C]pyruvate 
plus malate oxidation were measured in intact cells according to Fischer et al. (1986). 
In vivo differentiation of ES cells 
Analysis of the UbCKmit deficient cell lines requires a system which discriminates between CK-expressing 
and non-expressing differentiated ES cells. As cytosolic СКВ expression largely parallels expression of the 
UbCKmit protein, we marked the ES cell lines with a CKB/lacZ reporter construct. In this construct, a 5'-
truncated bacterial lacZ gene coding for ß-galactosidase was inserted in frame into exon 8 of the mouse СКВ 
gene, just in front of the translation stop codon. The total 7.2 kbp construct comprised the complete СКВ 
gene including 3.5 kbp 5' upstream and 750 bp of the 3' non-transcribed sequences (Sistermans et ai, 
manuscript in preparation). The encoded fusion protein contains active ß-galaclosidase linked to the entire 
СКВ subunit at its N-terminal end. Wild-type CCE and UbCKmit null mutant CCE178.13 cells were co-
transfected with the reporter construct (10 μ%) and a hygroB' plasmici (1 μg) and resulting colonies were 
screened for ß-galactosidase activity (Sanes et al., 1986). Positive clones were further analyzed by Southern 
blot hybridizations to confirm integration of the complete plasmid. From both a CKB/lacZ positive wild-type 
and a UbCKmit deficient clone, approximately 1.107 cells were injected subcutaneous at three locations in 
nude mice. Developing tumours were isolated after 30 days and dissected during immersion with 2% 
paraformaldehyde/0.1 % glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) (330 mosm). Fixation was 
continued for 4 hours at room temperature and followed by an overnight incubation in 1 % paraformaldehyde 
in the same buffer at 4°C. The tumours were rinsed thoroughly with PBS and stained for ß-galactosidase 
activity during 6 hours at 37°C. Several positive stained samples of tumour tissue were further processed for 
electron microscopy. Following a second fixation in 2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4), 
postfixation was carried out in the same buffer supplemented with 1% osmium tetroxide at 4°C for 1-2 hr. 
After rinsing, dehydration was performed in an ascending series of aqueous ethanols, and the samples were 
transferred via a mixture of propylene oxide and Epon to pure Epon 812 as embedding medium. Ultrathin 
sections were cut, double contrasted with uranyl acetate and lead citrate, air dried, and examined in a Philips 
electron microscope EM 300 or EM 301. For all analyses, presence of ß-gal activity was assumed to mark 
cells where UbCKmit expression should be expected. 
RESULTS 
Isolation and characterization of the mouse UbCKmit gene 
5.10* plaques from the mouse genomic lambda FIX™II library were screened with a PCR-
generated 1200 bp fragment of the human UbCKmit gene (Haas et al., 1989) spanning genomic 
sequences from exons 7 through 9. From 25 initial positive signals, three overlapping phages were 
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eventually isolated and purified to homogeneity. Southern blot analysis of one clone, designated 
lambda 99, revealed that sequences corresponding to human UbCKmit were contained within a 7.0 
kbp Sst I fragment. This fragment was subcloned in the pGEM3 vector and sequenced in its 
entirety. 
Comparison of the nucleotide sequence with the human UbCKmit, showed that the complete 
mouse UbCKmit gene, including 750 bp of 5' upstream sequences, was present within this clone. 
An additional 5' upstream region of 1.8 kbp was derived from lambda 99 and also sequenced in its 
entirety (EMBL Access. No. Z13969 for the genomic sequence, No. Z13968 for the cDNA). The 
essential segment of the mouse UbCKmit gene has a compact organization and spans only 4.8 kbp 
while containing 9 exons. Similar to the human UbCKmit gene (Haas et al, 1989), these exons are 
clustered in two groups (exons 1-6 and 7-9) which are separated by a relatively large intron of 1.3 
kbp. In total, the mouse UbCKmit gene is 0.7 kbp smaller than the human gene. A schematic 
drawing of the UbCKmit gene is given in Fig. 6A. Exonic regions vary in length between 86 and 
361 bp. The nucleotide sequences surrounding all intron-exon junctions comply with the AG-GT 
rule (Breathnach and Chambón, 1981). The predicted gene product of mouse UbCKmit is a 418 
amino acid precursor protein including the NH2-terminal mitochondrial transit peptide. The reactive 
cysteine, contained within a highly conserved region which is crucial for enzyme activity in all CK 
subunits, is found at amino acid residue 278 of the mature protein (Fig. 1). 
Isohtion of mouse UbCKmit cDNA sequences 
A 150 bp Nco l-Ava I fragment, containing only coding sequences from exon 1 and specific for 
the UbCKmit gene, was used to screen a mouse brain lambda ZAPII cDNA phage library 
(Stratagene). The 5' end of the longest isolated cDNA was at nucleotide position -168, the first 
nucleotide of the ATG translation start codon being referred to as +1 . Comparison showed 
uninterupted alignment of the 5' cDNA sequence with the genomic upstream sequence. Next, we 
performed a RACE (rapid amplification of cDNA ends) experiment to obtain longer UbCKmit 5' 
upstream cDNA sequences. Three derived clones contained inserts with an extended 5' upstream 
region. Sequence analysis of these clones located their most 5' nucleotide at positions -195, -206, 
and -209, respectively (Fig. 2). This approach allowed us to add 41 nucleotides to the 5' sequence 
of our longest cDNA. However, the ATG translation start codon is still located within the first 
UbCKmit exon. This is in contrast to the ScCKmit and the cytosolic CKM and СКВ genes, which 
all possess an untranslated first exon (Madman et al, 1987; Trask et al, 1988; Klein et al, 1991). 
To determine the actual site(s) of transcription initiation of the UbCKmit gene we performed an SI 
nuclease protection assay. For this purpose two probes were used varying approximately 100 bp in 
length at their 5* ends. A probe containing only UbCKmit cDNA and plasmid polylinker sequences 
was included as a positive control (Fig. ЗА). Protected DNA fragments were only detected 
following hybridization to total mouse brain RNA, while yeast RNA did not protect the probes from 
SI nuclease activity (Fig. 3B, lanes 2 and 3). Both probes demonstrate the existence of multiple 
initiation sites for transcription of the UbCKmit gene in brain. The two most prominent bands (245 
and 257 nucleotides long) define initiation sites at nucleotide positions -186 and -198. Although the 
transcription initiation sites as determined by the SI assay and the RACE experiment are not 
completely identical, which may be partly attributable to experimental conditions, the region from -
186 to -209 seems to represent the major start locus. The longest protected fragment of 305 
nucleotides locates the most upstream transcription start at nucleotide -246. Since no fragments of 
the corresponding length were isolated from the RACE experiment, we surmise this to be a minor 
transcription start site. As can be concluded from the rather complex array of the bands, additional 
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minor sites are used for initiation of transcription of the mouse UbCKmit gene. 
The determined cDNA, including the predicted amino acid sequence of the preprotein, is shown 
in Fig. 1. In total, the UbCKmit coding region of 1254 bp is flanked by 209 bp of 5'- and 125 bp of 
3' untranslated region. 101 bp downstream of the end of the coding region we identify an atypical 
AGTAAA poly(A) addition signal. 
100 bp в probe probe 
В С 
ι 1 
-744 -640 -209 + 1 + 5 9 
• probe A 
-> probe В 
-• probe С 
FIG. 3. SI nuclease protection assay of the upstream 
region of the mouse UbCKmit gene. 
(A) Map of the 5' region of the UbCKmit gene. The 
open box represents the untranslated region of exon 1, 
the solid box marks the coding part. Nucleotides are 
numbered with the A of the translation initiation codon 
positioned at + 1 . The three hybridization probes (A: 
position -744 to +59; B: -640 to +59; C: -209 to 
+59) are drawn as arrowed lines. The bar indicates 
100 bp. 
(B) Generation of SI nuclease protected fragments. 
End-labeled probes were hybridized in an overnight 
reaction with 25 μg of total mouse brain RNA (lanes 
2) or yeast RNA (lanes 3). Single strand DNA ends 
were removed in a SI nuclease reaction, and protected 
fragments were separated on a Polyacrylamide gel. 
Lanes 1 contain the undigested starting probes. 
Positions of end-labeled size marker DNA fragments 
are indicated in bp at the right. 
Homologies between mitochondrial creatine kinases 
Mouse UbCKmit coding regions show 92% and 96% nucleotide identity and 97% amino acid 
homology with the human and rat UbCKmit sequences, respectively (Haas et al., 1989; Payne et 
al, 1991). Most differences are located at the two extremes of the DNA and protein sequences 
(Fig. 1). When compared with the human ScCKmit gene, 71% of the coding regions share identical 
nucleotides, while 79% identity and 87% similarity between amino acids exists (Haas and Strauss, 
1990). Unfortunately, mouse ScCKmit cDNA sequences are not yet available for comparisons. 
Altogether, the mitochondrial creatine kinase genes show a conspiciously high degree of 
conservation. 
The mouse UbCKmit gene product carries a mitochondrial targeting peptide of 39 amino acids, 
which is one residue longer than the signal peptide of the human UbCKmit. Identity of these 
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targeting peptides between mammalian UbCKmits is approximately 90%, with most of the amino 
acid changes (three out of four between mouse and human, and two out of three between mouse and 
rat) being non-conservative. The homology between the transit peptides of the mouse UbCKmit and 
ScCKmit (personal observation) is remarkably less; only 41% amino acid identity is observed (Fig. 
4). Our results are in concordance with earlier published data showing a closer relationship of the 
same CK isoenzymes between species than for different CKs within one organism (Wyss et al, 
1992). 
mouse UbCKmit MAGPFSRLLSARPGLRLLALAGAGSLTAGILLRPESVGA 
human UbCKmit A—F P-R 
rat UbCKmit К A R-
mouse ScCKmit —SA--K—TG-NASL-FTTL-TSA—T-Y—NRQK-S-
human ScCKmit —SI—К—TG-NASL-F-TM-TSV—T-Y—NRQK-C-
rat ScCKmit —SA—К—TG-NASL-FTTL-TSA—T-Y—NRQK-S-
FIG. 4. Amino acid homology between the mitochondrial transit peptides of ubiquitous and sarcomeric 
CKmit subunits of several species. Dashes indicate identity between mouse, human, and rat ubiquitous and 
sarcomeric CK sequences, with the mouse UbCKmit signal peptide as a reference. Note that conservation is 
high for UbCKmit and ScCKmit peptides between species, but relatively low if the distinct CKmit members 
are compared. Human sequences are from Haas el at., 1989 and 1990, rat sequences from Payne et al, 
1991, and mouse ScCKmit from personal observation. 
Putative gene sequences involved in UbCKmit transcriptional regulation 
The nucleotide sequence of the mouse UbCKmit upstream region from position -1450 to +1 is 
given in Fig. 2. Upstream of nucleotide -209, the most extended cDNA end, we did not observe 
typical TATAA or CCAAT motifs which could help to locate the transcription start site. Besides 
absence of these RNA polymerase II specific motifs, genes encoding housekeeping proteins often 
display a high G/C content within the region just 5' upstream of the transcription start site (Dynan, 
1986). This holds also true for the mouse UbCKmit gene, since the G/C content of the 110 
nucleotides immediately preceding position -209 is 71%. 
The 2.5 kbp of 5' upstream sequences of the murine UbCKmit gene were searched for potential 
DNA binding sites for trans-acting factors involved in transcription initiation (Fig. 2). No 
conspicious sequence motifs could be found further upstream than position -1295. Within 530 bp of 
the translation start region, there are two potential Spi binding sites (Kadonaga et al., 1988) at 
positions -264 and - 528, but none were found further upstream. Possible AP2 binding sites are 
located at positions -237, -292, -502, -508, and -1014 (Mitchell et al., 1987). Furthermore, a box 
showing homology to the housekeeping initiator protein 1 (HIP1) binding motif (Means and 
Farnham, 1990) was found between positions -1070 and -1097. The spacing between the two 
consensus sequences of the HIP1 motif (5,ATTC...GCCA3') is 20 nucleotides in the UbCKmit 
locus and is within the normal range for HIP1 motifs. 
The 5'-flanking region was searched for specific sequences found in the upstream regions of 
mitochondria-related nuclear genes. Suzuki and coworkers (1990) have designated three common 
boxes (Mtl, Mt3 and Mt4) in 5'-flanking regions of the genes for ubiquinone-binding protein, 
cytochrome c,, β subunit of F^-ATPase and somatic cytochrome с These motifs can be either in 
the sense or the antisense orientation, but in all genes mentioned they appear in a specified order: 
5' Mt3-Mtl-Mt4 3'. Sequences homologous to these motifs and positioned in this specific order are 
also found in the mouse UbCKmit gene upstream region (Fig. 2 and 5). Mt3 is in the sense 
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orientation at positions -1291 to -1298 and it shares four identical nucleotides with the Mt motifs of 
the above mentioned genes. Mtl and Mt4 are both antisense oriented, share five nucleotides, and 
are located at -1231 to -1239 and -1118 to -1126 respectively. 
A 
QP 
Cyt cl 
ATPaseß 
s Cyt с 
mUbCKmit 
Mtl 
TATTCAGGT 
TATTCAGGT 
TAGCC: -~™ 
TAATCAGGC 
TATCCAAGG 
** ** * 
(s) 
(s) 
/ ~ „ \ 
is; 
(as) 
Mt3 
ATCTGGCT 
ATCTGGCT 
ACCTGGCT 
ATCTAGCA 
ACTTCGCA 
* * ** 
(s) 
(s) 
(s) 
(s) 
(s) 
Mt 4 
TGGTGATAG 
TGGTGAGAG 
TGGTGAAAC 
TGGGGATGG 
TGGTGAGAT 
*** ** 
(s) 
(as) 
(as) 
(as) 
(as) 
В mouse UbCKmit 
Estrogen consensus GGTCANNNTGACC GGTCAGA-TGACA 
Glucocorticoid consensus GGCCANNNTGTCT GGCCAGC-TGTTC 
FIG. 5. (A) Nucleotide comparison of three common sequences (Mtl, Mt3, and Mt4) in S' flanking regions 
of nuclear genes encoding mitochondrial proteins (Suzuki et al., 1990). Identical nucleotides between all five 
genes are marked with an asterisk, (s) and (as) represent sense and antisense orientations. Genes listed are 
human ubiquinone-binding protein (QP), human cytochrome c, (Cyt cl), human ß subunit of F0F,-ATPase 
(ATPaseß), rat somatic cytochrome с (sCytc), and mouse UbCKmit. (B) Consensus nucleotide sequences of 
rat estrogen (Maurer and Notides, 1987) and glucocorticoid (Somasekhar and Gorski, 1988) responsive 
elements and comparison with the identified motifs of the mouse UbCKmit locus. 
Finally, the mouse UbCKmit gene was searched for hormone responsive elements, which have 
been identified in introns 2 and 6 of its human counterpart (Payne et ai, 1993). Estrogen and 
glucocorticoid responsive elements were found in the mouse UbCKmit gene region at 498 and 613 
nucleotides downstream of the poly(A) tail addition site, respectively (Fig. 5). Both motifs are 
imperfect matches, missing one nucleotide from the previous published consensus sequences 
(Maurer and Notides, 1987; Somasekhar and Gorski, 1988) 
Whether the identified Mt motifs, hormone responsive elements, and boxes for transcription factor 
binding are imperative for correct regulation of UbCKmit transcription remains to be established. 
Disruption of the UbCKmit gene in mouse embryonic stem cells 
Based on our knowledge of the UbCKmit gene organization, a replacement-type of targeting 
vector was designed for inactivation of UbCKmit alleles in ES cells. A UbCKmit DNA fragment of 
0.6 kbp encompassing exons 7 and 8, and including the pivotal cysteine, was replaced by either a 
1.1 kbp neo' cassette, or a 2.0 kbp hygroB' cassette (Fig, 6). Homologous DNA sequences between 
the targeting vector and the endogenous UbCKmit locus span 4.3 kbp at the 5' side, and 2.1 kbp at 
the 3' side. Correct replacement of the endogenous locus by the incoming DNA can easily be 
confirmed using the diagnostic Sst 1-Bam HI fragment located just 3' outside of the targeting vector. 
Using this probe, Bam HI-digested wild-type DNA generates a 2.9 kbp band, while introduction of 
the neo' or hygroBr cassettes increases the fragment by 0.5 or 1.4 kbp, respectively (Fig. 6). In a 
typical experiment, homologous recombination occured at the high frequency of one out of twenty-
two drug-resistant colonies. The targeting frequency was neither influenced by the type of ES cell 
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line (ES5, CCE, or ABl), nor by the type of selection marker used. Additional hybridizations with 
a probe derived from the selection cassette or the internal probe D (Fig. 6) confirmed the absence of 
additional integration events in the targeted clones (result not shown). Only these ES cell lines were 
used for further experimentation. 
C * ) B a m H I Sstl 
μ 
wild-type 
allele I 
Η ИНН 
(В) 
targeting 
vector 
Sstl 
B a m H I Bglll 
I * . . I 
Sstl B a m H I 
M 
Sstl 
(C) 
targeted 
allele 
B a m H I B a m H I B a m H I 
η mariceo 
FIG. 6. Schematic diagram of the disruption of the UbCKmit gene in mouse embryonic stem cells showing 
(Λ) the endogenous locus in mouse 129/Sv inbred strain, (B) the targeting vector, and (C) the predicted 
structure of the UbCKmit locus after homologous recombination. Numbers 1-9 denote the exons. An asterisk 
indicates the active cysteine located in exon 7. The arrow represents either the neo' or the hygromycinB' 
gene. The arrowed lines indicate the diagnostic Bam HI fragments in the wild-type and mutated allele. 
Hybridization probes are marked by solid boxes; A: 100 bp Sst l-Bam HI fragment located just outside the 
targeting vector; probe B: the 600 bp Bam Hl-Bgl II fragment that was deleted in the targeting vector and 
drawn as a striped box in Fig B; probe C: fragment from the neo' gene; probe D: 300 bp Pst 1-Ava I 
fragment which is specific for the UbCKmit gene. 
Generation of ES cell lines lacking functional mitochondrial creatine kinase 
Double knock-out ES cell lines were generated by forcing loss of heterozygosity through raising 
the selection drug concentration (Mortensen et al, 1992). As starting material, four independent 
single targeted ES cell clones, originating from three differrent wild-type ES cell lines, were used 
and the drug concentration was increased two- to six-fold as compared to the first round of 
targeting. As shown in Table 1, none of the targeted ABl cells carrying a hygroB' gene were able to 
colonize under a 3.3- or 5-fold increase of the hygroB concentration. From the ES5.26 cells, six 
clones could be isolated on 1 mg/ml G418, but none survived 1.5 mg/ml G418. Retrospective DNA 
analysis showed that all six had remained heterozygous. From the CCE178 cells grown with 1 
mg/ml G418, fourteen clones were generated, while twenty-eight clones survived 1.5 mg/ml G418. 
One of the fourteen, and four of the twenty-eight resistant colonies had replaced the remaining wild-
type UbCKmit allele with the mutant one. Southern blot analysis confirmed complete absence of the 
600 bp Bam Ш-Bgl II fragment in these clones. Using a neo specific probe it was shown that none 
of these clones had integrated extra copies of the neor gene to survive the high G418 concentration 
(Fig. 7A). 
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Table 1. Loss of heterozygosity in ES cells targeted at the UbCKmit locus 
Single targeted G418 or HygromycinB' G418 or HygromycinB" No. resistant No. homozygous 
ES cell line concentration (mg/ml) concentration (mg/ml) colonies mutant clones 
first targeting round second round 
ES5.26 
ESS.26 
CCE178 
CCE178 
ABl.102 
ABl.102 
AB1.9S 
AB1.95 
0.5 
0.5 
0.25 
0.25 
0.3" 
0.3* 
0.3" 
0.3" 
1 
1.5 
1 
1.5 
Г 
1.5" 
Г 
1.5" 
6 
0 
14 
28 
0 
0 
0 
0 
Four ES cell lines, all heterozygous at the UbCKmit locus, were grown under high selection pressure. 
Surviving colonies were expanded and scored for absence of wild-type UbCKmit alleles by Southern blot 
hybridizations. 
The targeting vectors were constructed with the assumption that replacement of the essential 
region around Cys-278 would prevent the gene from expressing a functional UbCKmit subunit. To 
test this hypothesis, a Northern blot of total RNA from wild-type CCE, CCE178 (a single targeted 
clone), and the doubly targeted clone CCE178.13 was hybridized with the UbCKmit specific exon 1 
probe (Fig. 7B). No 1.2 kbp mRNA transcript could be detected in the double mutant cell line, 
while the single targeted clone showed approximately half of the level of wild-type CCE. 
Theoretically, truncated transcripts could be produced from both of the targeted alleles. Our results 
indicate that such mRNAs are rapidly degraded and not stable enough for detection. Furthermore, 
cellulose acetate electrophoresis followed by staining for CK activity revealed complete absence of 
CKmit in cell lysates of CCE178.13 (Fig. 7C). Consequently, ScCKmit is not expressed in these 
cells. Both at the RNA (Fig. 7B) and the protein level (Fig. 7C) the expression of the cytosolic 
СКВ in the double mutant equals the wild-type situation. Thus, UbCKmit deficient ES cells are 
viable and do not compensate for UbCKmit absence by expressing other members of the CK 
isoenzyme family. 
UbCKmit deficient ES cells show no biochemical abnormalities 
Four independent UbCKmit deficient cell lines were used to study the consequences of absence of 
the UbCKmit at the biochemical level. In culture, growth rates of all tested cell lines were similar; 
they could be passaged at the same time intervals as wild-type ES cells. No microscopically 
detectable differences were observed in ES cell colony morphology (result not shown). 
Through many lines of evidence a functional coupling between oxidative phosphorylation and 
mitochondrial CK activity has been suggested (Jacobus and Lehninger, 1973; Saks et al., 1985). 
Therefore the activities of two mitochondrial enzymes acting in the citric acid cycle and the 
respiratory chain, as well as the rate of [l-14CJpyruvate oxidation in the presence of malate as acetyl 
coenzyme A acceptor were measured (Table 2). Citrate synthase and cytochrome с oxidase activities 
in the mutant ES cells were comparable to wild-type cells, suggesting that the mitochondrial volume 
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has not changed in cells devoid of functional UbCKmit. Moreover, the rates of pyruvate oxidation 
were also similar in mutant and wild-type cells. As this method allows a follow up of the complete 
oxidative pathway, and any blockade will result in a decrease of the amount of [1-14C]C02 
produced, we conclude that ES cells lacking functional UbCKmit are not impaired in their aerobic 
energy-generating capacity. 
A 1 2 3 1 2 3 1 2 3 
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FIG. 7. DNA and RNA analysis and CK isoenzyme 
characterization of the wild-type CCE ES cell line (lanes 1), 
the UbCKmit single targeted clone CCE178 (lanes 2), and the 
double targeted ES cell line CCE178.13 (lanes 3). (A) 
Southern blot analysis of genomic DNA digested with Bam HI 
and hybridized with the indicated probes. Location of the 
probes is depicted in the schematic drawing of Fig. 6. Length 
of marker fragment sizes are indicated in kbp at the right side 
of the panel. It should be noted that unequal amounts of DNA 
were loaded. (B) Northern blot analysis of total RNA isolated 
from the three ES cell lines. The blot was subsequently 
hybridized with a UbCKmit specific fragment (probe D), a 
СКВ specific probe derived from the 3' end of the mouse 
СКВ gene, and a GAPDH probe for quantitation of the RNA 
amounts loaded. The position of the 18S ribosomal RNA is 
marked. (C) Zymogram analysis of cell lysates. Positions of 
the different isoenzyme subunit combinations are marked on 
the right, as well as the loading position prior to 
electrophoresis (arrow). Minus and plus at the left side mark 
the cathode and anode positions, respectively. The reaction 
product in between the loading position and the CKmit is most 
likely due to adenylate kinase activity. 
Mitochondrial ultrastructure is normal in UbCKmit deficient cells. 
The presence of CKmit in the mitochondrial contact sites in vivo and the ability of the octameric 
cube-like mitochondrial CK to induce close contacts between outer and inner mitochondrial 
membranes in vitro, suggests a possible function for CKmit in the ultrastructural organization of the 
mitochondria (Adams et al., 1989; Rojo et al., 1991; Wegmann et al., 1991). As mitochondria of 
suspended ES cells are not optimally suitable for electron microscopic analysis, we decided to study 
only mitochondria of differentiated derivatives of our ES cells. However, not all differentiated cells 
will express UbCKmit. Fortunately, the coordinated expression of СКВ and UbCKmit provides us 
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with a positive marker for CK expressing cells. Therefore, wild-type CCE and the mutant 
CCE178.13 were transfected with a CKB/lacZ reporter construct, expression of which will lead to a 
CKB/ß-galactosidase fusion protein, ß-galactosidase activity can easily be detected in both light and 
electron microscopical analysis. To induce growth of differentiated cell types, wild-type and 
UbCKmit deficient ES cells expressing the CKB/ß-galactosidase hybrid were injected subcutaneously 
in nude mice and resulting tumour tissue was isolated. Within these tumours various differentiated 
cell types could be identified, i.e. blood vessels with their endothelium, muscle cells, neurons, 
fibroblasts, and osteoclasts. Tumour tissue was stained for ß-galactosidase activity and several 
positive stained samples were further processed for electron microscopy. However, only a few cells 
showed a clear precipitate of the ß-galactosidase reaction product. The most prominent stained cells 
in both the wild-type and the UbCKmit deficient tumours were the osteoclasts, in which СКВ 
expression has been reported by our laboratory using а СКВ specific monoclonal antibody 
(Sistermans et al., in press). At the electron microscopic level irregularly shaped mitochondria were 
absent, and mitochondria in the UbCKmit deficient osteoclasts showed similar membrane con­
figurations as those in the wild-type cells (Fig. 8). Although in this study we did not specifically 
focus on sites where outer and inner mitochondrial membranes are in close proximity, we tentatively 
conclude that mitochondrial ultrastructure in the absence of UbCKmit is grossly unaltered. 
Table 2. Analysis of mitochondrial activities of wild-type and UbCKmit deficient mouse embryonic 
stem cells. 
Mitochondrial enzyme/activity Control UbCKmit deficient 
Citrate synthase 72,1 ± 17,9 72,3 ± 10,4 
Cytochrome с oxidase 124,9 ± 39,2 144,5 ± 56,9 
[l-14C]pyruvate oxidation 116,7 + 68,7 115,5 ± 64,2 
Cell lysates were prepared by the freeze-thawing method and enzyme activities were measured from the 600 χ 
g supernatant. Citrate synthase and cytochrome с oxidase activities are expressed in milliunits per milligram 
of protein. C0 2 production from pyruvate oxidation in intact cells is in nmol per hour per milligram of 
protein. Values are means ± SD; n=7 for all controls and n= 11 for the mutant cell lines. 
DISCUSSION 
Isolation and characterization of the mouse ubiquitous mitochondrial creatine kinase gene 
We have chosen to study the role of the mitochondrial creatine kinases via inactivation of the 
UbCKmit gene in embryonal stem cells of the mouse. This strategy was chosen as a first step 
because study of the CK/PCr shuttle and its link to the compartmentalized homeostasis of ATP can 
only be faithfully performed in the context of the intact cell or, ultimately, animal models. 
To provide a basis for these studies, the structural organization of the mouse UbCKmit gene had 
to be resolved and compared to known data on the UbCKmit gene in other species. Similar to the 
human gene (Haas et al., 1989), the mouse UbCKmit gene has a rather compact organization, with 
nine exons spanning only 4.8 kbp of genomic DNA. However, together the introns in the mouse 
gene are even 0.7 kbp smaller. From simple alignment of the evolutionary conserved genomic DNA 
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sequences for human and mouse, as shown in Fig. 1, we can already draw a number of conclusions. 
The nine identified exons within the UbCKmit gene encode a putative 418 amino acid precursor 
protein, including an aminoterminal mitochondrial import sequence of 39 residues. This 
translocation peptide shows the typical particulate tripartite structure (Hartl et al., 1989), with 
regions directing matrix-targeting, stop transfer at the intermembrane space, and cleavage of the 
presequence. It may be interesting to note that the degree of homology between import signals in 
UbCKmit proteins of different species is quite high ( >90% homology between mouse, rat and 
human), but rather moderate (41%) if the different CKmit isoforms are compared (Fig. 5). This 
may point towards stronger functional constraints on the mature UbCKmit and ScCKmit proteins, 
whose homologies are conspiciously higher (70%), than on the localization signals. Overall, our 
data confirm the earlier notion that the Ub and Sc mitochondrial CKs are closer related to each other 
than to the cytosolic CKM and СКВ subunits. This lends further support for the two-step model for 
evolution of the mammalian CK family, with an initial gene duplication dividing the cytosolic from 
the mitochondrial members, and a further duplication creating the tissue-specific expressed CKs. 
The inferred sequence of the mature mouse UbCKmit protein was compared with the human and 
rat predicted proteins. The positions of the variant amino acids are not evenly distributed across the 
protein, but are situated mainly in the terminal portions of the protein (Fig. 1). This is a somewhat 
unexpected finding, as sites with functional importance have been located in the N-terminus of the 
protein. Recently, the charged amino acids in the N-terminal heptapeptide of the chicken ScCKmit 
were shown to be involved in forming and stabilizing the octameric molecule (Kaldis et al., 1994). 
At least four charged amino acids are contained within the NH2-heptapeptides of both CKmit 
isoforms in all species studied so far. Furthermore, the 25 NH2-terminal residues of mature rat heart 
CKmit have been identified as its cardiolipin binding domain (Cheneval and Carafoli, 1988). The 
region surrounding the positively charged residues Arg-19, Lys-20 and His-21 is absolutely 
conserved in all CKmit proteins, but not in the cytosolic isoenzymes. This suggests that it is the 
relative spacing between the charged amino acids in the CKmit NH2-termini which is most crucial 
for the interactions between subunits or with the lipid membrane. 
Results from RACE extension of UbCKmit cDNA and SI nuclease protection assays support the 
notion that the gene, like many ubiquitously expressed genes, has no fixed start site of transcription. 
At this point it is difficult to say whether the frequency distribution of mRNAs with longer or 
shorter 5' ends is maintained in different tissues. Although there are significant discrepancies in the 
determined transcription start positions, which may partly result from differences in frequency of 
use /л vivo or intrinsic differences between the two experimental procedures, we tentatively postulate 
the region from -186 to -209 to be most active in transcription initiation of the UbCKmit gene. The 
reported transcription start site of the human UbCKmit gene (position -163, Haas et al., 1989) 
corresponds to a region in the 5' UTR of the mouse gene. From comparison of the upstream regions 
of the mouse and human UbCKmit genes no further information concerning a possible shared 
transcription start site could be derived. Thus, we conclude that the mouse UbCKmit mRNA 
encompasses 209 bp 5' UTR, 1254 bp coding sequences, and 125 bp of 3' UTR (Fig. 1). 
The wide-spread tissue distribution of UbCKmit (personal observation; Haas et al., 1989; Payne 
et al., 1991) agrees with the housekeeping gene reminiscent features of the genomic DNA region 
immediately upstream of the first exon (Dynan, 1986). These include a remarkably high G/C 
content, absence of typical TATAA and CCAAT elements, and presence of putative binding sites 
for Spi and AP2. An additional potentially interesting sequence found in the UbCKmit promoter is 
that corresponding to the binding site for HIP1. Although HIP1 was initially reported to specify 
transcription initiation in several genes lacking a TATAA element by binding to a sequence located 
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Fig. 8. Ultrastructural analyses of in vivo differentiated derivatives from wild-type (A and C) and UbCKmit 
deficient (B and D) ES cells. In low magnification electron micrographs of osteoclasts derived from wild-type 
(A) and UbCKmit deficient (B) ES cells the calcified area is recognized by its electron density and an asterisk 
marks the rouffled border. The nuclei are indicated. (C) and (D) are high magnifications of representative 
areas of the cytoplasm from wild-type and UbCKmit deficient osteoclasts. Arrows point to deposits resulting 
from a CKB/lacZ reporter construct produced ß-ga!actosidase activity, which can already be recognized as 
dark spots at low magnification. Note that there are no ultrastructural differences between wild-type and 
UbCKmit deficient mitochondria. The bars in (A) and (B) represent 5 μπι, and in (C) and (D) 0.5 дт. 
directly at the site of transcription initiation (Means and Farnham, 1990), a functional putative HIP1 
binding motif has also been identified 200 bp downstream of the major transcription start site of the 
gene for the p50 subunit of NF-/cB (Ten et al, 1992). It is, therefore, conceivable that the HIP1 
element positioned far upstream of our putative transcription initiation site is of functional 
significance. 
A complex repertoire of transcriptional and translational regulatory principles, as well as post-
translational modifications, are currently known to exist for the CK isoenzymes (Trask et al, 1988; 
Klein et al, 1991; Amacher et al, 1993; Payne et al, 1993; Ch'ng and Ibrahim, 1994). A 
functional CK/PCr shuttle would require coordinated expression of the tissue-specific isoforms 
catalyzing the end reactions: ScCKmit with CKM and UbCKmit with СКВ. Comparison of our 
promoter sequence to that of the human UbCKmit gene and to the mouse СКВ gene promoter (van 
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Deursen et al., 1992b) revealed no conspicuous stretches of homology which could be involved in 
binding of shared trans-acting factors. Interestingly, three cis-elements (Mtl, Mt3, and Mt4) which 
have been shown to be involved both in enhancement and silencing of transcriptional responses of 
nuclear encoded genes involved in mitochondrial energy transduction (Evans and Scarpulla, 1988), 
could be identified in the mouse UbCKmit 5' upstream region (Fig. 2 and S) as well as in the 
human ScCKmit gene promoter region (Klein et al, 1991). The boxes in the UbCKmit gene show 
the specific spatial organization of 5'-Mt3-Mtl-Mt4-3' that was reported for several mitochondria 
related genes (Suzuki et al, 1990). The presence of Mt elements in both CKmit genes suggests a 
main contribution of the mitochondrial creatine kinases in energy homeostasis. Finally, an estrogen 
and a glucocorticoid responsive element were located approximately 0.5 kbp downstream of the 
poly(A) addition site of the mouse UbCKmit gene. Both elements were also delineated in the human 
UbCKmit gene, notably in introns 2 and 6. In vivo, СКВ and UbCKmit expression are highly 
regulated at the transcriptional and translations! levels in uterus and placenta during rat pregnancy 
(Payne et al, 1993). 
The functional significance of the putative regulatory elements identified by us on the 
transcriptional regulation of the mouse UbCKmit gene remains subject of further investigation. 
Additional study is also necessary to delineate the DNA motifs and identify binding factors involved 
in restriction of expression to highly specialized cells and, to obtain a better understanding of factors 
involved in the expression of UbCKmit in parallel with СКВ upon changes in energy demand 
(Friedman and Perryman, 1991; Friedman and Roberts, 1994; Wegmann et al, 1991; Sistermans et 
al, 1995). 
Generation and analysis of mouse embryonic stem cells deficient in functional mitochondrial 
creatine kinase subunits 
As UbCKmit may catalyze a nodal point in energy homeostasis, and mutational inactivation may 
be detrimental to the very first stages of development, we decided to study the impact of disruption 
of both alleles at the cellular level prior to the generation of animal knock-out models. Targeted 
mutagenesis in ES cells, which do express UbCKmit, was chosen as a first approach because these 
cells are an ideal model system for studying gene expression during differentiation. For logistic 
reasons, the targeting vector we used was derived from a library of mouse Fl-hybrid [C57B1/6 χ 
CBA] genomic DNA. It is currently appreciated that the use of isogenic (mouse strain 129-derived) 
DNA constructs greatly enhances homologous replacement events in strain 129-derived ES cells (van 
Deursen et al, 1992a; te Riele et al, 1992). From retrospective analysis, using a recently 
discovered polymorphic Bam HI site at the 3' side of the gene (not shown), we now know that our 
isolated genomic clone is of CBA origin. Although base sequence divergencies between inbred mice 
strains can account for a 25-fold reduction of targeting efficiency, we achieved a very high 
frequency of targeting with the use of single positive selection. Inactivation of the remaining wild-
type UbCKmit allele was accomplished by a procedure involving clonal adaptation to increased con­
centrations of the selective drug and screening for loss of heterozygosity (Mortensen et al, 1992). 
This worked only for G418 resistant clones from the CCE cell line and not for hygroB selection. 
Intrinsic differences between wild-type ES cell lines, as well as a higher toxicity threshold for G418, 
could account for these findings. We do not know whether this is a relevant observation as not many 
successful experiments for other genes with this system have been reported yet. As expected, the 
frequency of the gene conversion events was clearly higher at 1.5 mg/ml G418 (4/28) as compared 
to 1.0 mg/ml G418 (1/14). Although it has been reported that the presence of extra neo' gene copies 
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results in increased neo mRNA levels and subsequently in a higher degree of G418 resistance 
(Paludan et al, 1989), none of our double mutant clones had integrated additional copies of the neo' 
gene outside of the UbCKmit locus to overcome the high G418 concentration. 
Construction of the targeting vectors was based on deleting the region surrounding the catalytic 
cysteine residue located in exon 7. One theoretical complication of this strategy was that transcrip­
tion from mutant alleles could still proceed and mitochondrial import of resultant translation 
products could result in dominant negative effects on the CK pathway or mitochondrial biogenesis. 
Fortunately, our results show that transcripts, if produced, are unstable and remain at concentrations 
below the detection level (Fig. 7B). So we can formally rule out interference by unwanted gene 
products and conclude that our heterozygous and homozygous ES cell lines carry genuine UbCKmit 
null alleles. 
Our doubly mutant ES cells showed no detectable compensation in the expression of other CK 
isoforms, a situation comparable to that found for CKM deficient mice (van Deursen et al, 1993). 
Also the general morphology and the aerobic capacity of cells and colonies of the UbCKmit 
deficient ES cells was indistinguishable from the wild type situation. Furthermore, mitochondrial 
ultrastructure, as studied in СКВ-expressing differentiated cells, seemed not appreciably affected. 
This finding should be interpreted with caution, however, and be regarded as a preliminary result 
because of several reasons. Firstly, mitochondrial features were studied in a teratocarcinoma-like ES 
cell-derived tumour. The differentiated derivative cell type which was chosen for EM analysis was 
the osteoclast, because they were stained most pronounced by the co-expressed CKB/ßgal marker 
protein, are easily recognizable, and are positive for СКВ expression in normal animals in vivo 
(shown with a СКВ-specific monoclonal antibody; Sistermans et al., in press). Still, the buildup of 
mitochondria in these osteoclasts might not be representative for all mitochondria that normally 
contain UbCKmit. Secondly, this study is difficult due to the plastic morphology of mitochondria in 
general. In particular contact site formation, and the normal association/colocalization of CKmit with 
ANT, VDAC and membranes in the energy-transfer complexes is very much dependent on the 
metabolic state of mitochondria (Knoll and Brdiczka, 1983; Biermans et al, 1990). Third, although 
UbCKmit is expressed at a fairly high level in undifferentiated ES cells, its expression pattern, like 
that of all CK genes, is strictly regulated during pre- and postnatal development (Payne and Strauss, 
1994). Absolute parallel expression of UbCKmit and СКВ at every timepoint in development and in 
every pertinent cell type is therefore difficult to asses. 
Taken together, we can conclude that ablation of functional UbCKmit subunits from mouse 
embryonic stem cells does not grossly hamper the cells in their growth, differentiation potential, 
aerobic capacity or mitochondrial biogenesis. This suggests that despite its expression in ES cells, 
UbCKmit is not absolutely required for normal ES cell growth and differentiation in vivo. Indeed, 
very recent findings in mutant animals derived from our cell lines confirm that we can extrapolate 
this situation to the whole animal, as UbCKmit deficient mice seem to be normally viable. Further 
characterization of these animals as the next model for CK involvement in the network for 
subcellular ATP/ADP homeostasis is currently in progress. 
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SUMMARY 
Creatine kinase isoenzymes (CK; EC 2.7.3.2) play a pivotal role in high-energy phosphoryl 
metabolism through subcellular compartmentalization of the creatine-phosphate < = > ATP 
conversion reaction. In mouse, protein subunits constituting the ubiquitous mitochondrial CK 
(UbCKmit) and cytosolic B-CK isoforms are co-expressed in various cells and tissues with high 
and fluctuating energy demands such as brain, retina, smooth muscle, uterus, placenta and 
spermatozoa. Using targeted mutagenesis via homologous recombination in embryonic stem 
cells, we have generated mice that are deficient in UbCKmit subunits. These mice are viable 
and show no overt physical or behavioural abnormalities. Matings between UbCKmit deficient 
mice produced normal numbers of offspring, showing that both females and males are 
completely fertile. Motility patterns of isolated spermatozoa were analyzed and found not to be 
impaired by absence of UbCKmit. From these results we conclude that UbCKmit is not 
essential for mouse viability, fertility, maintenance of pregnancy, or delivery. 
INTRODUCTION 
The isoenzymes constituting the creatine kinase family are optimally suited to regulate high-
energy phosphate homeostasis through functional coupling of CK subunits with subcellular sites of 
ATP production and consumption [1]. The individual members catalyze reversible phosphoryl-
transfers from ATP to creatine (Cr), thereby generating phosphocreatine (PCr) and ADP via the 
reaction: Cr + ATP < = > PCr + ADP + H+. Three cytosolic CK isoenzymes, CKMM, -MB, 
and -BB, are dimers composed of M (muscle) and/or В (brain) subunits and are encoded by two 
separate, but related, genes. Two additional nuclear genes encode distinct mitochondrial CKs, the 
ubiquitous (UbCKmit) and sarcomeric (ScCKmit) isoforms. CKmit appears in two interconvertible 
forms, octamers and dimers, of which the octameric molecule is thought to be the functional 
isoform in VÌVO. Cell-type specific co-expression of ScCKmit with M-CK in heart and skeletal 
muscle, and UbCKmit with B-CK in, for example, neurons, spermatozoa, photoreceptor cells of the 
retina, and smooth muscle containing tissues like uterus, placenta and vessel walls (i.e. tissues with 
high energy demands) is generally accepted as strong evidence for a spatial energy buffering 
function of the CK/PCr system [for reviews see 2,3]. 
The mitochondrial CK members are located along the outer surface of the inner mitochondrial 
membrane, and are enriched in energy-transfer contact sites between the two envelope membranes. 
Functional coupling of CKmit with tetrameric adenine nucleotide translocator (ANT) in the inner 
membrane and oligomeric voltage-dependent anion-selective channel (VDAC, porin) in the outer 
membrane drives the CKmit catalyzed reaction in the direction of PCr and ADP production, thus 
stimulating mitochondrial oxidative phosphorylation. Dynamic formation of these highly organized 
multi-enzyme complexes is enhanced upon increased mitochondrial activity and allows efficient 
channelling of high-energy phosphates, produced by oxidative phosphorylation, into the cytosol [3]. 
Within the cytoplasm, functional coupling of cytosolic CKs with ATPases and ATP-driven ion 
pumps increases the thermodynamic efficiency of these pumps because high local ATP/ADP ratios 
can be maintained [2]. Taken together, through subcellular compartmentalization of the ATP/ADP-
converting isoforms of the CK family, cellular energy transduction is mediated by a functional "PCr 
shuttle" with Cr and PCr as the metabolic intermediates [1], regardless of overall intracellular 
concentrations of ATP and ADP. 
79 
Expression of all CK isoenzymes is highly tissue-specific and developmentally regulated [4]. In 
the rat prenatal period, mitochondrial CK expression is only detectable in brain and intestine. After 
birth, upregulation of ScCKmit expression in striated muscle and UbCKmit in brain progresses in a 
time-dependent fashion which correlates with an increased mitochondrial mass and capacity for ATP 
synthesis by oxidative phosphorylation [4,5]. This implies a function of CKmit in coupling of ATP 
synthesis and demand in muscle tissue and neuronal cells. Increasing energy requirements, 
correlated with upregulated CK activities, are also associated with several phases of mammalian 
reproduction. Enhanced co-expression of B-CK and UbCKmit in uterus and placenta during rat 
pregnancy is regulated at transcriptional and translational levels [6]. The most convincing evidence 
for the importance of the CK/PCr system in high-energy phosphoryl transport comes from motility 
studies with sea-urchin spermatozoa [7]. Specific inhibition of CK activity leads to flagellar bending 
patterns that are indicative of insufficiencies in ATP delivery over longer distances. 
The highly organized subcellular localization of CK isoenzymes and their substrates, combined 
with their functional association in multi-enzyme complexes, makes the CK/PCr system an ideal 
object for studying the role of metabolite channelling and compartmentalization in maintenance of 
energy homeostasis. Feeding of experimental animals with Cr analogues has been widely used to 
study effects of PCr deprivation in cardiac and skeletal muscle [8]. Similar studies on energy 
metabolism in brain have been hampered by the fact that these analogues have only little influence 
on the contents of Cr and PCr in brain [9]. Moreover, it is questionable whether these studies can 
also contribute to a better appraisal of the function of CKmit isoforms, for ScCKmit is not involved 
in phosphorylation of the Cr analogue ß-guanidinopropionic acid in mouse skeletal muscle [10]. 
In an alternative approach we have chosen to elucidate the biological relevance of the CK/PCr 
system by studying effects of loss of function mutations in the CK family through gene targeting in 
mouse embryonic stem (ES) cells [11] and subsequent generation of CK-deficient mice. Earlier we 
have published that M-CK-deficient mice exhibit no overt abnormalities. Further study revealed, 
however, a crucial physiological role of the CK/PCr system in burst performance and a high degree 
of plasticity of cellular architecture and energy metabolism of muscle tissue [12,13]. As a first step 
in a similar study of the mitochondrial CKs, we have isolated the mouse UbCKmit gene and 
constructed a targeting vector thereof to generate mouse ES cells with both UbCKmit alleles mutated 
[14]. These cells revealed no abnormalities in their growing rate, differentiation potential, or rate of 
mitochondrial pyruvate oxidation. Complete absence of UbCKmit mRNA transcripts and hence also 
of UbCKmit activity was achieved by replacing the highly conserved region surrounding the 
catalytic cysteine residue with a neomycin resistance selection cassette. It was concluded that the 
constructed targeting vector would be suitable for generating UbCKmit deficient mice. We now 
report on germline transmission of UbCKmit alleles carrying a similar type of mutation, and the 
subsequent generation of mice devoid of UbCKmit subunits. Consequences of deficiency of 
functional UbCKmit subunits on mouse viability and reproduction, and in particular on 
spermatogenesis, will be discussed. 
MATERIALS AND METHODS 
Construction of the targeting vector 
A 7 kb SstI DNA fragment was isolated from a genomic lambda FIX™II phage library of mouse Fl-hybrid 
[CBA χ C57B1/6] spleen DNA (Stratogene, La Jolla, CA). The complete 4.8 kb murine UbCKmit gene is 
encompassed within this genomic region (Fig. 1A). Starting from this subclone, a replacement-type vector for 
homologous recombination was constructed as described [14]. Shortly, from this DNA the 0.6 kb BamHI-
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BglII fragment, spanning exons 7 and 8 and coding for the pivotal cysteine, was deleted and replaced by 
either a 1.1 kb neomycin resistance (neo*) cassette or a 2.0 kb hygromycinB resistance (hygroB1) cassette 
(Fig. 1A and IB). 
Embryonic stem cell culture, electroporation and drug selection 
Wild-type E14 ES cells [15] were a kind gift of Dr. Plump, Rockefeller University, New York, NY. Cells 
were grown on a layer of irradiated SNLH9 feeder cells [16] in Dulbecco's modified Eagle's medium 
supplemented with 15% (v/v) fetal calf serum, 2 mM glutamine, 1 mM sodium pyruvate and 0.1 mM B-
mercaptoethanol. Prior to electroporation, ES cells were grown to subconfluency, trypsinized, washed two 
times and resuspended at 1.8 χ IO7 cells per ml in culture medium. 20 μg of Sstl-digested targeting vector 
DNA was mixed with 0.8 ml cell suspension, introduced into the ES cells by electroporation at 500 /iF and 
250 V (Bio-Rad Gene Puiser) and plated on two 10-cm dishes containing irradiated feeder cells. Selection was 
applied 24 hr after electroporation with 300 Mg/ml G418 (Gibco/BRL) or 250 μg/ml hygromycinB (ICN 
Biomedicals, Aurora, Ohio, USA). Cells were allowed to grow for another 8-10 days before individual 
colonies were isolated and expanded for further analysis. 
Southern blot analysis 
Genomic DNA from individual ES cell clones or from tail biopsies of transgenic mice was prepared 
according to standard procedures [17]. For Southern analysis, approximately 8 ¿ig of genomic DNA was 
digested with BamHI, resolved by electrophoresis through 0.8% (w/v) agarose gels, and transferred to 
Biotrace Tm nylon membranes (Gelman Sciences Tm). DNA probes were labeled with [a-HP]dCTP by the 
method of Feinberg and Vogelstein [18]. Probes for the UbCKmit gene were a 100 bp SstI-ВатШ fragment 
located just 3' of the region used in the targeting vector (probe a), and the deleted BamHI-Bglll fragment 
(probe b), (Fig. 1A). For detection of the neo' and hygroB' genes, a 0.9 kb ВатШ-EcoRI fragment from 
pMClneo [11], and a 1.5 kb PstI probe from the hygroB cassette [19] were used, respectively. Hybridization 
was performed overnight at 65°C in 0.5 M sodium-phosphate buffer pH 7.4 containing 7% (w/v) SDS and 1 
mM EDTA. Blots were washed to a final stringency of 0.3 χ SSC/0.2% SDS and exposed to Kodak X-Omat 
SI film using intensifying screens. 
Generation of UbCKmit deficient mice 
El 4 clones which were diagnosed positive for homologous recombination and also contained the correct 
number of 40 chromosomes, were injected into recipient C57BI/6 blastocysts and transferred into uterine 
horns of pseudopregnant (C57BI/6 χ CBA)F1 females [20]. Resulting chimaeric males were mated with 
C57BI/6 females and germ-line transmission was scored by the agouti coat colour. Mice heterozygous for the 
mutant UbCKmit allele, as identified by Southern blot analysis, were intercrossed and null mutants were 
obtained. All examinations outlined in this paper were performed on F2-mice on a (C57B1/6 χ 129/Sv) hybrid 
background. 
Creatine kinase isoenzyme electrophoresis 
Freshly excised total brain tissue of mice at the age of seven weeks was homogenized with a teflon-glass 
Potter-Elvehjem homogenizer in 1:10 dilution (w/v) of buffer containing 50 U/ml heparin, 250 mM sucrose, 
2 mM EDTA, and 10 mM Tris-HCl at pH 7.4 (SETH-buffer)(4°C). For extraction of CKmit, homogenates 
were diluted 5-fold with 30 mM sodium-phosphate buffer pH 7.4, 0.2 mM phenyl methanesulphonyl fluoride, 
0.2 mM dithiothreitol, and 0.05% (v/v) Triton X-100 (Buffer A) [21]. Extracts were incubated at room 
temperature for 1 hr and centrifuged for 30 min at 12,000 rpm and 4<>C. Approximately 10 μg total protein 
of each sample was applied to a cellulose acetate membrane (Boskamp folien, LMB Laborservice GmbH, 
Bonn, Germany) and resolved by electrophoresis (200 V for 1 hr) in Tris-barbital buffer (pH 8.6). CK 
activity was visualized with a colouring gel, prepared according to Kanemitsu and Okigaki [22] using a CK 
reaction kit (Boehringer GmbH, nr. 1442376). Staining of adenylate kinase (AK) activity was prevented by 
presence of 10 μΜ of the AK-specific inhibitor P'.P'-diiadenosine-S'J-pentaphosphate (Ap5A). 
Spermatozoan CK was obtained by washing a spermatozoa preparation (see below) twice with PBS and 
»suspending the cells in 5 μΙ distilled water. Total protein was extracted by three rounds of liquid nitrogen 
freeze-thawing. One volume of buffer A was added, incubated for 1 hr at room temperature, and centrifuged 
for 30 min at 12.000 rpm at 4°C. 11,5 μg of total protein of wild-type and mutant supernatant^ were loaded 
on a cellulose acetate membrane. As a reference, 1,4 μg of heart and 2 μg total brain extracts were applied. 
Proteins were separated and analyzed as described above. 
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Figure 1. Schematic diagram of the targeting strategy for disruption of the UbCKmit gene. Drawn are (A) 
structure of the wild-type UbCKmit gene locus in mouse strains 129/Sv and CBA or C57B1/6, (B) the mouse 
strain CBA-derived targeting vector, and (C) the predicted structure of the UbCKmit locus after targeted 
mutagenesis in mouse 129/Sv embryonic stem cells. Numbers 1-9 denote exon sequences. Translation of the 
mouse UbCKmit gene is initiated in exon 1. The active cysteine in exon 7 is indicated by an asterisk. The 
arrow represents neomycin' or hygromycinB' selection cassettes. The arrowed lines indicate the diagnostic 
BamHI fragments in wild-type and mutant alleles, as recognized by probes (a) a 100 bp Sstl-BamHl fragment 
located outside the targeting construct, (b) the 600 bp BamHI-Bglll fragment that was deleted in the targeting 
vector and drawn as a striped box in figure (B), and (e) DNA fragments specific for the neo' or hygroB' 
genes. The polymorphic BamHI site (written in bold italics) generates a 2.9 kb fragment in wild-type mouse 
strains 129/Sv and CBA, and a 7.S kb band in the CS7BI/6 strain. 
Western blot analysis 
Freshly frozen tissues of total brain, skeletal muscle, testis and epididymis were homogenized at a 1:10 
dilution (w/v) in SETH buffer at 4°C. Approximately 20 μg of total extracts were separated on 10% (w/v) 
SDS-polyacrylamide gels, and proteins were eleclrophoretically transferred onto nitrocellulose membranes 
according to Towbin et al. [23]. Non-specific binding sites on the blots were blocked overnight in 5% (w/v) 
non-fat dry milk in Tris-buffered saline (pH 7.6) with 0.1% (v/v) Tween-20 (TBST). CKmit protein was 
detected using subunit-specific polyclonal antibodies raised against synthetic peptides of the UbCKmit or 
ScCKmit isoforms [24]. Antibodies were diluted 1:300 (aUbCKmit) or 1:5000 (aScCKmif) in TBST and 
incubated with the membrane for 30 min. The membranes were washed three times with TBST and incubated 
with goat-anti-rabbit immunoglobulin G coupled to horse raddish peroxidase (Amersham), diluted 1:10.000 in 
TBST, for 30 minutes. After three washes with TBST, immune complexes were detected by 
chemiluminescence (Boehringer GmbH) and exposed to Kodak X-Omat SI autoradiography films. 
Spermatozoon motility measurements 
Spermatozoa from wild-type and UbCKmit deficient mice at the age of 12 to 16 weeks were isolated by 
disruption of the epididymi and vas deferens in 1-2 ml mouse tubal fluid medium (114.19 mM NaCI; 4.78 
mM KCl; 1.19 mM KH2PO„; 1.71 mM CaCl2.2H20; 1.19 mM MgS04.7H20; 5.00 mM NaHCOjj 4.79 mM 
sodium lactate; 0.37 mM sodium pyruvate; 3.40 mM glucose; 20.00 mM HEPES) [25], supplemented with 
3% (w/v) bovine serum albumine (BSA), and kept at 37°C. Because motility of mouse spermatozoa decreases 
quickly in time, an effect which was enhanced by lowering the concentration of cells (personal observation), 
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manipulations were kept to a minimum. Tissue debris was separated from the semen by a brief centrifugation 
step. Movement patterns of spermatozoa in the supernatant were measured in a μ-cell counting chamber 
(depth 20 μιη; Fertility Technologies Inc., Natich, MA, USA). Computer-assisted semen analysis was 
employed using the CellTrak/S system (Motion Analysis Corporation, Santa Rosa, CA, USA), mainly as 
described by Wetzels et al. [26]. Calibration of the CellTrak/S software used in this study was modified for 
use with mouse spermatozoa. Standard parameters calculated by the CellTrak/S system are percentage motile 
spermatozoa (MOT), straight line velocity (VSL), curvilinear velocity (VCL), mean linearity (LIN = 
VSL/VCL), and lateral head displacement (ALH). 
RESULTS 
Disruption of the UbCKmit gene in mouse embryonic stem cells 
We have previously reported on the cloning and characterization of the 4.8 kb murine UbCKmit 
gene which is completely contained within a 7.0 kb SstI fragment [14]. At the time of cloning the 
stimulation in targeting frequency in mouse ES cells by use of isogenic DNA constructs [16] was 
not yet recognized. Our genomic clone as depicted in fig. 1A was therefore isolated from a library 
prepared from mouse Fl-hybrid (C57B1/6 χ CBA) DNA. Genomic DNA comparison of mice of 
different inbred strains revealed a sequence polymorphism at the 3' proximal BamHI site, which is 
also the site used for identification of targeting events. A 2.9 kb band is observed in mouse strain 
129/Sv, the origin of the ES cells (see Fig. 2B, lane 1), while a fragment of approximately 7.5 kb is 
detected in BamHI-digested C57B1/6 DNA (see Fig. 2B, lane 2). This BamHI polymorphism 
assignes our genomic clone to be of CBA origin. 
Targeting vectors were constructed in which neor or hygroB' selection cassettes replace a 0.6 kb 
DNA fragment spanning exons 7 and 8. This genomic sequence encodes the region containing the 
pivotal cysteine (Fig. 1). Stretches of homologous DNA sequences between targeting vector and the 
endogenous UbCKmit locus encompass 4.3 kb at the 5', and 2.1 kb at the 3' end, respectively. 
Wild-type E14 ES cells were transfected with Sstl-digested targeting vector DNA and subsequently 
cultured in selective medium. Single resistant clones were expanded for DNA analysis by Southern 
blotting using diagnostic probe (a), located just 3' outside of the region used for the targeting 
vector. This probe recognizes a 2.9 kb BamHI fragment in the wild-type situation, while 
introduction of neor or hygroB' cassettes by homologous recombination results in hybridizing bands 
of 3.4 or 4.3 kb, respectively. In two separate experiments, 18 out of 213 individually generated 
clones were found to be properly targeted. This is in agreement with previous experiments, showing 
high targeting frequencies of the UbCKmit locus, independent of the ES cell line or selection marker 
used [14]. Additionally, the cell lines were karyotyped to confirm the correct number of 40 
chromosomes. 
Generation of mice deficient in functional UbCKmit subunits 
Three independently derived E14 clones (one G418 resistant and two hygroB resistant), carrying a 
targeted UbCKmit allele, were injected into C57B1/6 recipient blastocysts which were then 
reimplanted into pseudopregnant foster mothers. Highly chimaeric male mice, as judged by the 
proportion of agouti coat color, were obtained for all three cell lines. In a breeding program with 
C57B1/6 females, only chimeras derived from the ES cell line with the neor selection marker were 
able to transmit the ES cell derived genome to their offspring. Resulting animals that were 
heterozygous for the UbCKmit mutation were interbred to obtain mice with both UbCKmit alleles 
mutated. Litter sizes were normal and genotyping offspring by Southern blot hybridization with 
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probe (a) showed the expected Mendelian distribution (Fig. 2A). Subsequent hybridization with the 
deleted 0.6 kb BamHI-Bglll fragment proved that homozygous mutant mice are true null mutants for 
the region surrounding the pivotal cysteine residue as no signal was observed (Fig. 2B). 
Unexpectedly, a complex pattern of bands appeared upon hybridization with the neo-specific probe 
(Fig. 2C). Most likely, a single replacement event occured at the UbCKmit locus in the wild-type 
ES cell during which aberrant ligated vector sequences have integrated in the 5' region of the 
UbCKmit gene. Whether or not this is due to the use of homeologous vector constructs (CBA versus 
129/Sv) is not known. Whatever, the region containing the essential cysteine residue at the 3' end 
was correctly replaced, as can be concluded from the signals with probes (a) and (b). 
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Figure 2. Southern blot analysis of offspring from crosses between mice heterozygous for the targeted 
disruption of the UbCKmit gene. Genomic DNA was digested with BamHI and subsequently hybridized with 
probes (a), (b), and (c), as mentioned in the legend of Fig. 1. Lane 1 contains DNA from the original 
targeted E14 cell line with the neo' cassette replacing the BamHI-Bglll genomic fragment. In lanes 2, 3, and 
4, DNA from wild-type, homozygous mutant, and heterozygous littermates was loaded. Note the different 
hybridizing bands arising from wild-type 129/Sv (2.9 kb) and C57B1/6 (± 7.5 kb) BamHI-digested DNA. 
Length of marker DNA fragment sizes are indicated in kb at the right. 
Since the region surrounding cysteine 278 is highly conserved in all CK isoenzymes, we 
anticipated deletion of this genomic region to prevent the gene from expressing functional UbCKmit 
subunits. To verify this expectation, cellulose acetate electrophoresis followed by a specific CK 
activity staining procedure was performed on total brain extracts of wild-type, heterozygous and 
homozygous mutant littermates (Fig. 3). Homozygous mutant mice are completely devoid of 
UbCKmit activity, while heterozygotes show approximately half of the level expressed in wild-types. 
The two CKmit bands represent interconvertible octameric (more cathodic) and dimeric (more 
anodic) CKmit molecules [27]. In extracts of UbCKmit deficient brain no detectable compensatory 
expression of cytosolic CKBB or ScCKmit can be observed. Strikingly, a substantial expression of 
CKMM was detected in brain extracts (see also Fig. 4 for identification of CKMM with wild-type 
heart extract as a reference). Increasing the concentration of the adenylate kinase (AK) specific 
inhibitor Ap5A in the colouring gel from ΙΟμΜ to 100 μΜ had no effect on the resultant pattern of 
bands (result not shown). Therefore, the product in brain extracts which co-migrates with CKMM is 
not produced by remnant AK activity. Perhaps it should be noticed here that M-CK, and also 
ScCKmit, have been detected immunohistochemically in Purkinje cells of chicken [28] and also for 
rat brain there is evidence for localized presence of M-CK (B. Perryman, personal communication). 
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Figure 3. Zymogram analysis of CK patterns in 
brain of offspring from mice heterozygous for the 
UbCKmit mutation. Extracts from total brain 
homogenates of wild-type (lane 1), heterozygous 
(lane 2), and homozygous UbCKmit mutant (lane 
3) littermates were electrophoretically separated on 
cellulose-polyacetate membranes. Staining for CK 
activity was performed in the presence of the 
adenylate kinase-specific inhibitor Ap5A. Positions 
of CK subunit combinations found in brain are 
marked at the right. Loading position prior to 
electrophoresis is indicated by the arrow. Minus 
and plus mark the cathode and anode position, 
respectively. 
Seven litters resulting from crosses between mice heterozygous for the UbCKmit mutation 
represented a total of 54 offspring. Genotyping the mice two weeks after birth resulted in 
identification of 12 wild-types, 30 heterozygotes, and 12 homozygous UbCKmit mutants. From 
these numbers we can already speculate that carrying the mutated UbCKmit allele is not 
disadvantageous for either the developing oocyte or maturation and motility of spermatozoa. 
To test whether UbCKmit deficient mice are capable of normal reproduction, wild-type and 
mutant male and female animals were mated in the two reciprocal combinations. In addition, the 
mating behaviour and reproductive fitness of couples of UbCKmit deficient males and females was 
tested. Litter sizes of UbCKmit deficient females were not different from those of wild-type females, 
irrespective of the genotype of the males. Also, gestation times were not different for mutant mice 
compared to wild-types. From these results we can conclude that active UbCKmit protein is not 
necessary for mouse spermatogenesis, oocyte growth, embryo development, support of pregnancy or 
the delivery process proper. 
Characteristics of wild-type and UbCKmit deficient spermatozoa 
The identity of the CKmit isoenzyme in mouse spermatozoa was examined by zymogram analysis 
(Fig. 4). By comparison to total brain and cardiac muscle extracts, the mitochondrial CK isoform in 
spermatozoa was identified as UbCKmit, and absence of this isoform in mutant males was 
confirmed. In contrast to mice, rooster spermatozoa express the muscle-specific form of 
mitochondrial CK [29]. This is remarkable since the cytosolic CK in spermatozoa of both species 
was identified as B-CK. The CKBB band is relatively faint in spermatozoan extracts of mouse 
(Fig.4, lanes 2 and 3). Therefore, the two additional bands, which can only be detected in 
spermatozoa, could represent modified or protein-associated CKBB. For example, for sea urchin 
spermatozoa there is evidence suggesting that at least 10% of the flagellar CK might be membrane-
associated [30]. Another fraction of cytosolic CK interacts with the microtubules of the axoneme, 
where it forms a functional compartment for rapid ATP-delivery to the dynein ATPase [31]. The 
experimental procedure followed by us might not have been stringent enough to dissociate all CKBB 
from these structures, but further study is necessary to explain the exact origin of the additional 
bands. Expression of CKmit isoenzymes in the male reproductive system was further analyzed by 
immunoblotting (Fig. 5). In mice, UbCKmit is expressed in epididymis, but is not detectable in 
testis. Antibody against a ScCKmit-derived peptide sequence does not generate detectable signals in 
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either of these tissues. Taken together, these results provide strong evidence for UbCKmit being the 
single mitochondrial CK expressed in the reproductive system of the male mouse. 
ScCKmit 
CKMM 
CKMB 
Figure 4. Identification of the CK isoenzyme 
pattern in mice spermatozoa by zymogram analysis. 
Extracts of mouse wild-type brain (lane 1), 
UbCKmit deficient spermatozoa (lane 2), wild-type 
spermatozoa (lane 3), and wild-type heart (lane 4) 
were electrophoresed under native conditions and 
stained for CK activity. Equal amounts of 
spermatozoan protein were applied to the 
membrane, while the amount of cardiac and brain 
protein was matched to allow simultaneous 
detection of all CK isoforms. Adenylate kinase 
staining was inhibited by presence of Ap5A in the 
colouring gel. Positions of the various CK isoenzymes are depicted. Loading position prior to electrophoresis 
(arrowhead) and the orientation of cathode and anode are also marked. Mouse spermatozoa contain ubiquitous 
mitochondrial CK, as can be concluded from absence of this isoform from UbCKmit mutant mice. A 
relatively low amount of free CKBB is detected. The two extra bands, marked with an asterisk, which are 
specific for spermatozoa, could therefore represent associated or modified CKBB. 
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For examination of motility parameters, spermatozoa of wild-type and UbCKmit deficient mice 
were isolated from the epididymis and vas deferens. Movement paths of spermatozoa were recorded 
and analyzed using the CellTrak/S computer-assisted semen analysis system. Although the 
contribution of motile spermatozoa was slightly lower in UbCKmit mutant males, no differences in 
linear speed, curvilinear velocity, linearity, or lateral movement of the head can be discerned 
between wild-type and UbCKmit deficient spermatozoa, using this method of analysis (Table 1). 
Table 1. Motility analysis of isolated spermatozoa from wild-type and UbCKmit deficient male 
mice. 
Wild-type spermatozoa UbCKmit deficient 
spermatozoa 
Motility 
Straight line speed 
Curvilinear velocity 
Linearity 
Lateral head displacement 
36,5 ± 11 
23 ± 2 
76 ± 7 
3 2 + 3 
6.2 + 0.4 
26,5 ± 9 
25 ± 4 
75 + 6 
36 ± 6 
6.4 ± 0.7 
Spermatozoa from wild-type and UbCKmit deficient males at the age of 12 to 16 weeks were isolated in MTF 
medium with 3% BSA. Spermatozoan motility patterns were recorded and analyzed using the CellTrak/S 
computer-assisted semen analysis system. The contribution of motile sperm (%), straight line speed (VSL; 
μιη/sec), curvilinear velocity (VCL; μτη/sec), linearity (VSL/VCL), and lateral head displacement (μπι) were 
measured. Data represent mean ± S.D. for six animals. 
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DISCUSSION 
It is now generally accepted that cellular energy homeostasis is regulated via compartmentalized 
localization of adenine nucleotides and substrate-product channelling in multi-enzyme systems. One 
of these systems is the creatine kinase isoenzyme family, whose members are functionally coupled to 
sites of free energy production and consumption. Mitochondrial CKs are associated with the adenine 
nucleotide translocator in the outer mitochondrial compartment, and cytosolic CKs co-localize with 
myosin ATPase and several ion-transporting ATPases. Although extensive research has been 
devoted to the CK/PCr system, and very elegant model systems for its functioning have been 
proposed, its biological significance has remained an enigma. 
We have used a previously reported targeting construct, carrying a neo' gene as the single positive 
selection marker, to generate mice with loss of function UbCKmit alleles. Deletion of the genomic 
region encoding the essential cysteine residue resulted in complete absence of UbCKmit activity in 
mutant brain. It is important to note that UbCKmit deficiency does not result in overexpression of 
striated muscle-expressed ScCKmit, nor in overexpression of its cytosolic counterpart, CKBB (Fig. 
3). As a similar finding was observed for M-CK mutant mice [12], we may conclude that CK 
redundancy seems not to be involved in compensating mitochondrial- or cytosolic CK deficiencies. 
Mice homozygous for the UbCKmit mutation are viable and show no obvious phenotypic 
abnormalities in behavioural patterns, or responses to stimuli, like handling. This observation was 
unanticipated, particularly in view of the prominent role of the CK system in energy transfer 
reactions of brain which emerged from the first report on a patient who suffered from a severe 
extrapyramidal disorder caused by an inborn error of creatine biosynthesis [32]. Also in vivo "P-
NMR experiments on adult rat demonstrated that there is a strong correlation between activity and 
the flux through the CK reaction in brain [33]. Several immunohistological studies revealed 
prominent presence of CK isoenzymes within various specialized cell types, with highest expression 
levels in Purkinje neurons [5,34,35]. Parallel expression of B-CK and UbCKmit in neuronal cells 
provides a structural basis for a functional PCr shuttle at these sites in the CNS [5,28,34]. 
The majority of ATP that is required to support neurotransmission and restore ionic gradients 
across neuronal membranes is generated by mitochondrial oxidative phosphorylation [36]. During 
postnatal mouse and rat brain development, the increased capacity for ATP synthesis by oxidative 
phosphorylation is accompanied by a 4-6 fold increase in CKmit expression, as well as appearance 
in the cerebellum of mitochondria with contact sites [5,37]. A variety of different experimental 
approaches have demonstrated functional coupling of octameric CKmit with oxidative 
phosphorylation [3]. Furthermore, defects in neuronal bioenergetics are now increasingly being 
recognized as cause of progressive pathology in neurodegenerative diseases [38]. Therefore, a 
critical role for UbCKmit in mouse neuronal energy metabolism and motor learning capacity [39] 
was expected. Obviously, our findings did not meet this expectation. One likely possibility is that 
we did not sufficiently challenge functions of diverse brain centers in our animals to reveal effects 
from functional ablation of the mitochondrial compartment of the CK shuttle. Perhaps consequences 
of UbCKmit deficiency under standard housing conditions may only become relevant at later stages 
in adulthood, when it adds to the progressive decrease in mitochondrial electron transport with 
normal aging [40], and the neuron falls below a critical threshold in energy production. 
An additional, albeit less likely, explanation may be that loss of function at the most vulnerable 
sites is partly compensated by presence of low levels of the other CK family members, M-CK and 
ScCKmit, in the same cell types. Although presence of low levels of M-CK and ScCKmit has been 
reported for brains of chicken and rat [28, B. Perryman, personal communication], and although we 
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Figure 5. Immunoblots showing subunit types of mitochondrial CK isoenzymes in the male reproductive 
system of mouse. (A) Protein bands of mouse skeletal muscle (lane 1), total brain (lane 2), testis (lane 3), and 
epididymis (lane 4) after SDS/PAGE electrophoresis and staining with Coomassie Brilliant Blue. Molecular 
weight markers were loaded in lane 5 and are indicated in kD at the right. (B) Two identical gels with double 
protein amounts as in (A) were used for Western blotting. CKmit isoforms were identified using anti-
ScCKmit (left) or anti-UbCKmit (right) specific antibodies and visualized by chemiluminescence. UbCKmit is 
expressed in mouse epididymis, but not in testis. ScCKmit is not detectable in the male reproductive system. 
could detect presence of fair levels of CKMM in our mouse brain preparations (Fig. 3 and 4), 
additional immunohistological distribution studies will be necessary to evaluate this possibility. 
Functional credibility for a PCr shuttle mechanism in high-energy phosphoryl transport has been 
shown most convincingly by studies on the induction and inhibition of motility and its coupling to 
changes in PCr-pools of sea urchin spermatozoa [7,41,42]. Also there are experimental data that 
couple a low level of second CK isoenzyme, relative to CKBB, to a low fertilizing potential in man 
[43]. Furthermore, new ideas on aging, mitochondrial genetics and oxydative stress support the 
contention that low levels of ATP may be causally related to male infertility [44]. Spermatozoa are 
highly specialized polar cells that must be capable of delivering adequate amounts of ATP for the 
dynein ATPase at the distal end of the flagellum, while maintaining a sufficiently high ADP 
concentration at the mitochondria, located in the midpiece, to act as substrate for rapid, tightly 
coupled respiration [45]. The dependence of sperm motility on oxidative ATP production as well as 
ATP diffusion limitations may differ between species, but generally a functional CK/PCr shuttle is 
implicated. 
Unfortunately, data on the exact isoenzyme patterns in spermatozoa from different species are still 
apparently conflicting. Bovine sperm have been reported to contain no creatine kinase at all and to 
depend largely on adenylate kinase activity for their energy supply [46]. CKBB expression in 
spermatozoa of rooster and humans has been identified by native isoenzyme electrophoresis and 
immunoblotting [47]. Surprisingly, the identity of the second CK enzyme was reported to be of the 
muscle specific ScCKmit type in rooster [29,47], and was cytosolic CKMM in humans [43]. Our 
isoenzyme distribution data point to again a different situation in mouse spermatozoa. Native 
isoenzyme electrophoresis of extracts isolated from mouse spermatozoa confirmed presence of 
UbCKmit and CKBB for wild-type males, while absence of the former isoenzyme was evident in the 
mutants (Fig. 4, lanes 2 and 3). Furthermore, UbCKmit is expressed at detectable levels in mouse 
epididymis, but not in testis. This finding is in agreement with recent immunolocalization studies in 
mouse, using a monoclonal antibody against the cytosolic B-CK subunit [35]. ScCKmit protein could 
not be detected in either of these tissues (Fig. 5B). 
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Here we demonstrate that UbCKmit deficient male mice are capable of normal reproduction, and 
that UbCKmit is not likely to be a key enzyme for mouse sperm function. Again within the margins 
of our test, detrimental effects of UbCKmit deficiency on motility patterns of mouse spermatozoa 
could not be detected. Therefore, we tentatively conclude that, in spite of the blockade in PCr 
transport from mitochondria to the cytosol, sufficient amounts of ATP are delivered to the dynein 
coupled ATPase to allow sliding of the microtubules. In contrast to sea urchin spermatozoa, 
vertebrate spermatozoa are able to thrive on both oxidative and glycolytic pathways for ATP 
production [48]. The possibility remains therefore that a shiñ in the amount of oxidative to 
glycolytically produced ATP, or maybe compensatory AK activity, provides a means of adaptation 
for our model. 
Interestingly, CK action has also been suggested in other phases of mammalian reproduction, i.e. 
during the oocyte growing phase, and also following fertilization, until the eight-cell stage [49]. 
Further development of the embryo is accompanied by regulation of CK expression and activity in 
uterus and placenta during pregnancy. Hormonal control via estrogen responsive elements in the B-
CK and UbCKmit genes is likely to be involved in transcription regulation during this period 
[6,14,50]. In rat and guinea pig, increased energy requirements of the prepartum uterus are reflected 
in upregulation of levels or specific activity of UbCKmit together with an increase in oxidative 
capacity until immediately after delivery, while downregulation of placental UbCKmit before 
delivery may be a signal for the onset of placental senescence [6,51]. However, UbCKmit deficient 
female mice, carrying UbCKmit deficient embryo's, are able to deliver and raise normal numbers of 
pups. Therefore, we cannot but conclude that functional UbCKmit is not crucial for normal mouse 
reproduction, embryogenesis, pregnancy, and deliverance. 
Although we have thus far not been able to detect any overt phenotypic effects resulting from a 
loss of function mutation of the UbCKmit, the high evolutionary conservation that is observed for 
the CKmit genes, the strict regulation of transcription, and the expression of UbCKmit in a 
multitude of tissues and cells with discrete and specialized functions, do suggest a crucial function 
for this isoenzyme in metabolite communication between mitochondria and cytosol. Further detailed 
longitudinal examinations of our mutant animals should reveal whether the plasticity of cellular 
architecture and energy metabolism that was observed for M-CK deficient muscles [12] also play a 
role here in protecting the phenotype. 
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Summary 
To investigate the contribution of creatine kinase isoenzyme (CK; EC 2.7.3.2) catalyzed 
phosphotransfer to cellular energy metabolism, a null mutation of the sarcomeric 
mitochondrial creatine kinase (ScCKmit) gene was introduced into the germline of mice. These 
single mutant mice diplayed no abnormalities in muscle morphology and short-term 
performance, nor in oxidative phosphorylation capacity. ScCKmit deficient mice were then 
interbred with mice deficient in cytosolic M-CK to study the effects of complete muscle-specific 
CK deficiency. We show that a large pool of 31P-NMR detectable phosphocreatine (PCr) of 
unknown origin is still present, but this is biochemically inert and cannot be utilized as a high-
energy phosphate buffer in muscle of double mutant animals. Furthermore, the generation of 
tetanic force is low, and the enhanced endurance performance seen in M-CK deficient muscles 
cannot be sustained if ScCKmit activity is also absent, resulting in an overall impairment of 
muscle performance. Double mutant fast muscle fibers displayed conspicuous aggregates of 
sarcoplasmic reticulum membranes, similar to those seen in patients with periodic paralyses 
and other myopathies. These results suggest a direct connection between ion-flux regulation at 
excitation-contraction and the intact CK/PCr system. 
Introduction 
The major energy requiring processes in skeletal muscle are those connected with intracellular Ca2+ 
homeostasis and the actomyosin interaction for sarcomere contraction and force development. 
Overall muscle efficiency is determined by the ability to match the energy production by oxidative 
phosphorylation (OXPHOS) and glycolysis to the energy consumption by the ATPases (the 
sarcoplasmic reticulum Ca2+-ATPase and the myofibrillar ATPase). At the onset of muscle 
contraction, the decrease in the level of ATP is temporarily buffered by hydrolysis of the cellular 
pool of phosphocreatine (Cain and Davies, 1962). Soluble muscle-specific creatine kinase 
homodimers (CKMM) in the sarcoplasm ensure that the CK reaction (PCr + ADP + H+ < = > Cr 
+ ATP) remains at near equilibrium to maintain appropriate overall ATP/ADP ratios and to keep 
the cellular ATP pool highly charged (for reviews see Bessmann and Geiger, 1981; Wallimann et 
al., 1992). Interestingly, a significant portion of CKMM is associated with intracellular structures 
close to sites of energy utilization and production such as myofibrils, sarcoplasmic reticulum (SR), 
and sarcolemma. Here it is thought to be involved in site-specific regeneration of ATP to increase 
the thermodynamic efficiency of the myofibrillar ATPase, the SR Ca2+-ATPase, and the 
sarcolemmal Na+/K+-ATPase. CKMM in skeletal muscle also locates to the sarcomeric I-band 
region where it is closely associated with enzymes of the glycolytic complex for rapid 
transphosphorylation of newly generated ATP into PCr (Wallimann et al., 1992). 
Another distinct CK isoenzyme, the mitochondrial CK (CKmit), is specifically located along the 
outer surface of the inner mitochondrial membrane. This enzyme is involved in the production of 
PCr from oxidatively generated ATP and the export of high energy phosphoryl into the cytosol 
(Jacobus and Lehninger, 1973; reviewed by Wyss et al., 1992). Recent data also point towards a 
direct role of CKmit in delivering ADP inside the outer membrane (Saks et al., 1993) and protection 
against ischemia (Miller et al., 1995). Based on the functional association of CK isoenzymes with 
discrete intracellular compartments of ATP production and hydrolysis, and the suitability of PCr and 
Cr to serve as cytosolic energy transducers, the concept of the CK/PCr shuttle as a spatial energy 
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buffer was proposed (Bessman and Geiger, 1981; Wallimann et al., 1989). Additional functions that 
have been assigned to the CK/PCr system include a role in proton buffering and activation of 
glycogenolysis and glycolysis through the net production of P,. The relative importance of each of 
these functions may differ between cell types and be dependent on the actual combination of CK 
isoenzymes (Wallimann et al., 1992; Wyss et al., 1992). 
Although these investigations have provided a general framework for our understanding of the 
role of the CK/PCr system, much less data are available concerning its significance for relaying 
signals between the sites of ATP consumption and production. Based on theoretical considerations 
and recent experimental evidence (Miller and Horowitz, 1986; Zeleznikar and Goldberg, 1991; 
Ishida et al., 1994; Saks et al., 1994; Khodolenko and Westerhof, 1995) it is now generally 
accepted that there is a high degree of metabolic compartmentalization within cells. Local 
intracellular concentrations of ATP and its hydrolysis products ADP, AMP, P, and H+, and 
concentration ratios thereof, govern the dynamic kinetics of many ATPases (Zweier et al., 1991; 
Hardin et al., 1992; Korge and Campbell, 1994) and are also rate driving determinants of glycolysis 
and OXPHOS (Erecinska and Wilson, 1982; Balaban, 1990). Regulation of local adenine metabolite 
levels is however, intriguingly complex and may involve the intertwining of energy consuming 
reactions catalyzed by kinases (for example acyl-CoA synthase, hexokinase and glycerol kinase), 
and high-energy phosphoryl interconversion reactions catalyzed by nucleoside-diphosphate kinases, 
adenylate kinases (AdK) and CK isoenzymes (Brdiczka and Wallimann, 1994). The use of an 
elaborate 180 tracing technique and inhibitors or uncouplers of OXPHOS in intact rat diaphragm, 
recently revealed that the subcellularly localized AdK and CK systems have compensatory or partly 
overlapping roles in a process called vectorial ligand conduction (Mitchell, 1979) or metabolic 
wiring of metabolite phosphoryls. Through these processes there is communication between the sites 
of OXPHOS, anaerobic glycolysis (lactate formation) and ATP utilization (Zeleznikar et al., 1990; 
Zeleznikar and Goldberg, 1991; Zeleznikar et al., 1995). These recent data on the significance of 
CKs are complementary to, but also to some extent challenge, the more classical concepts for the 
CK/PCr system, which were formulated mainly on the basis of biochemical and "P-NMR studies of 
muscle. 
We decided to approach the different aspects of CK biology by genetic inactivation of the 
different members of the CK gene family in in vivo systems (Van Deursen et al., 1993; Steeghs et 
al., 1995a). In mice with fully absent or graded reductions in the level of M-CK in muscle, we 
observed that twitch force upon stimulation during initial contractions of the hind leg was 
significantly reduced and correlated to the level of residual M-CK activity (Van Deursen et al., 
1993, 1994a). Interestingly, muscle physiology and morphology show a surprisingly high plasticity, 
and adapt to the lack of M-CK by increasing the oxidative capacity through the development of a 
more elaborate intermyofibrillar mitochondrial network in fast fibers (van Deursen et al., 1993), or, 
in cardiac and slow muscle, by raising the affinity of mitochondrial respiration for ADP (Veksler et 
al., personal communication). Further adaptation in mitochondrial enzymes, fiber morphology and 
fatigue resistance was seen if M-CK deficient animals were treated with the creatine analogue ß-
guanidinopropionic acid (ßGPA) (Van Deursen et al., 1994b). Most surprisingly, M-CK deficient 
mice are still able to hydrolyze PCr during skeletal muscle exercise but phosphoryl fluxes through 
the CK reaction are below the level detectable by 3IP-NMR spectroscopy when M-CK levels drop 
below one third of wild-type M-CK activity. Based on these results we have hypothesized that CK 
mediated PCr < = > ATP exchange occurs through different compartments, some of which are not 
detectable by NMR. Such fluxes may involve the "reverse shunting" of PCr through the ScCKmit 
reaction in mitochondria of M-CK deficient animals, and the conversions catalyzed by M-CK 
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preferentially bound to the sarcoplasmic reticulum, the myofibrillar M- and I- bands, or the 
sarcolemma. 
To assess the validation of these speculations and in order to investigate further how the CK/PCr 
system plays a key role in the development of physiological and morphological properties of muscle, 
we decided to study mutations in the mitochondrial CK isoforms. Here we report on the effects of 
the targeted knock-out of the muscle-specific ScCKmit gene, alone and in combination with the M-
CK null mutation. Unexpectedly, the single CKmit mutation had only minor effects, but muscle 
biochemistry, fiber ultrastructure and muscle physiology were conspicuously altered if both CKmit 
and M-CK mutations were combined. As the ultrastructural and physiological alterations share 
similarities to phenomena seen in patients with ion-channel myopathies, our results suggest a direct 
connection of the CK system to the regulation of ion-homeostasis during the process of excitation-
contraction coupling. 
Experimental procedures 
Construction of the targeting vector 
To clone DNA fragments from the ScCKmit gene, a 2.1 kb fragment containing the complete mouse 
ScCKmit cDNA was labeled with [a-"P]dCTP using the random priming method (Feinberg and Vogelstein, 
1983) and used to screen an EMBL3 phage library of partially digested genomic DNA of mouse strain 129/Sv 
(d'Azzo and Grosveld, unpublished). Eight positive phages were purified to homogeneity and analyzed by 
Southern blot hybridizations. Subclones were analyzed by double-stranded DNA sequencing (Hattori and 
Sakaki, 1986). From the insert of one phage a 7.0 kb PstI fragment containing exons 3-6 of the mouse 
ScCKmit gene was excised and subcloned into plasmid pGEM3 (Promega). To construct a replacement type 
of targeting vector, a 0.4 kb Sstl-Smal fragment, encompassing parts of intron 2 and exon 3 and including the 
ATG translation start codon, was deleted from this genomic clone and replaced by a 2.0 kb blunt-ended 
cassette carrying the hygromycinB resistance (hygroB1) gene (van Deursen et al., 1991). A cassette containing 
a 2.0 kb herpes simplex virus thymidine kinase (tk) gene (van Deursen et al., 1992) was inserted in the 
upstream Bglll site for negative selection (Figure 1). The targeting vector was linearized at the most 3' 
located BamHI site prior to ES cell electroporation. 
ES cell culture, transfection, and selection 
Wild-type E14 ES cells (kindly provided by Dr. Plump, Rockefeller University, New York, NY) were 
cultured on a layer of irradiated (3000 rad) SNLH9 feeder cells (van Deursen et al., 1992) in Dulbecco's 
modified Eagle's medium supplemented with 15% fetal calf serum, 2 mM glutamine, 1 mM sodium pyruvate 
and 0.1 mM B-mercaptoethanol. ES cells were grown to subconfluency, trypsinized, washed 2 times and 
resuspended at 1.8 χ 107 cells per ml in culture medium. 20 μg of BamHI-linearized DNA was mixed with 
0.8 ml cell suspension, electroporated at 500 /iF and 250 V (Bio-Rad Gene Puiser) and plated on two 10 cm 
dishes containing irradiated feeder cells. Positive-negative selection was applied 24 hr after electroporation 
with 300 /jg/ml hygromycinB (ICN Biomedicals, Aurora, Ohio) and 0.2 mM FIAU (l-[2-deoxy, 2-fluoro-ß-
D-arabinofuranosyl, kindly provided by Bristol Meyers). Cells were allowed to grow for another 8-10 days 
before separate colonies were isolated and expanded for further analysis. 
Generation of ScCKmit and ScCKmit/M-CK deficient mice 
E14 clones which showed correct homologous recombination at both the 5'- and 3' end of the targeting 
construct (see below), as well as a single hybridizing band upon probing with a hygroB specific fragment, 
were cytogenetically typed to verify the correct karyotype (Lee et al., 1990). Six clones were injected into 
recipient C57B1/6 blastocysts and transferred into the uterine horns of pseudopregnant foster mothers 
(Bradley, 1987). Resulting chimaeric males were mated with C57B1/6 females, germline transmission was 
scored by the agouti coat colour, and mice heterozygous for the mutant ScCKmit allele were identified by 
Southern blot analysis. Genotypes of pups resulting from crosses between heterozygotes were PCR analyzed 
and ScCKmit null mutants (ScCKmitf-/-]) were selected for further breeding. ScCKmit[-/-] and M-CK knock-
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outs (M-CK[-/-]) were crossed to obtain mice heterozygous for both CK isoforms. Sibling matings of these 
mice resulted in the generation of ScCKmit/M-CK double mutant mice, as was confirmed by PCR analysis. 
All studies as described in the results section were performed with mice originating from one ScCKmit 
targeted ES cell line. Wild-type, ScCKmit[-/-] and ScCKmit/M-CK double deficient mice had a mixed genetic 
(CS7B1/6 χ 129/Sv) background. All breeding was carried out under standard housing conditions in the KUN 
Central Animal Facility. 
Genomic DNA analysis 
Genomic DNA from ES cells or mouse tail biopsies was isolated by standard procedures (Sambrook et al., 
1989), restriction digested, resolved by electrophoresis through 0.8% agarose gels, and transferred to 
Biotrace T° nylon membranes (Gelman Sciences Tm). Blots were hybridized overnight to "P-labeled probes 
in 0.5 M NaP04 buffer containing 7% (w/v) SDS and 1 mM EDTA at 65°C and washed at a final stringency 
of 0.1 χ SSC, 0.2% (w/v) SDS. Homologous recombination events at the ScCKmit locus were identified 
using two probes, both located in the genomic region just outside the targeting vector. At the 5' end, a 500 
bp Haelll-Apal fragment was used, as 3' end probe a 300 bp BamHI-PstI fragment was chosen (see Figure 
1)· 
After assessment of germline transmission of the ScCKmit mutation, a PCR reaction (Hoffmann-La Roche) 
was designed for genotyping offspring resulting from crosses between heterozygous mice. Three primers in 
one reaction mixture were used to discriminate between wild-type, heterozygous, and homozygous mutant 
animals. Forward primers were Sci located in exon 3 (5'-AAGAGGAAGGATGGCCAGTGCC-3') and HI 
located in the hygromycinB resistance gene (5'-GGCTGGCACTCTGTCGATACCC-3'). Sc2 is the reverse 
primer located in intron 3 (5'-AATTCCCAGCACTCACACGGCA-3'). PCR amplifications were carried out 
in 30 μ\ volumes containing 10 mM Tris-HCl pH 8.3, 50 mM KCl, 1.5 mM MgCI2, 0.01% gelatin, 100 ng 
each primer, 100 ng DNA template and 1 U AmpliTaqTM DNA polymerase (Perkin Elmer Cetus). 30 
consecutive cycles of denaturation at 94°С for 1 min, annealing at 60°C for 1 min, and amplification at 72°C 
for 2 min were performed. The product generated from the wild-type locus is 424 bp, while the mutant allele 
product has a length of 702 bp. A similar PCR was designed for the M-CK deficient mice. Forward primers 
were Ml, located in exon 2 (5'-ACCCACAACAAGTTCAAGCTGA-3') and the hygromycin В gene primer 
HI. The backward primer M2 is located in exon 3 (5*-ACCGTCATGATGAAGGGGTGAC-3·). PCR 
reaction and analysis were as described above. The wild-type M-CK locus generates a ± 650 bp fragment, 
while the product from the mutant locus is ± 700 bp. 
Northern blot analysis 
Total RNAs from freshly removed skeletal muscle, heart, and brain were extracted using the lithium chloride-
urea method (Auffray and Rougon, 1980) and analyzed by Northern blot analysis according to standard 
procedures (Sambrook et. al., 1989). RNA blots were subsequently hybridized with "P-labeled probes of (i) 
the genomic 0.4 kb Sstl-Smal fragment that was deleted in the targeting vector, (ii) a fragment of the 
ScCKmit cDNA covering parts of exons three and four (bp 50 - 230 of the cDNA, translation start at +1), 
(iii) a 150 bp fragment of the 5' untranslated region of the mouse UbCKmit gene and showing specificity for 
the UbCKmit gene only (Steeghs et al., 1995b), and (iv) a 1.3 kb PstI glyceraIdehyde-3-phosphate 
dehydrogenase (GAPDH) cDNA probe of rat (Fort et. al., 1985). Hybridization was overnight at 65°C in 0,5 
M NaP04-buffer pH 7.2, 7% (w/v) SDS, ImM EDTA and the blots were washed to a final stringency of 1 χ 
SSC, 1% (w/v) SDS at 65"C and exposed on Kodak X-Omat films. 
Immunoblot analysis 
For Western blot analysis, freshly frozen tissues of total brain, heart muscle and total hind leg muscle were 
homogenized at 4°C with a teflon-glass Potter-Elvehjem homogenizer in 10 volumes SETH buffer (250 mM 
sucrose, 2 mM EDTA, 10 mM Tris-HCI at pH 7.4, and 50 U/ml heparin; Smeitink et al., 1992a). 
Approximately 40 Mg total extract protein was separated on a 10% (w/v) SDS-polyacrylamide gel and 
electrophoretically transferred onto a nitrocellulose membrane according to Towbin et al. (1979). Non­
specific binding sites on the blot were blocked overnight in 5% (w/v) milk powder suspended in Tris-buffered 
saline (pH 7.6) with 0.1% (v/v) Tween-20 (TBST). CKmit protein was detected with subunit-specific 
polyclonal antibodies raised against synthetic peptides of the ubiquitous (UbCKmit) or ScCKmit isoforms 
(Friedman and Perry man, 1991). The membrane was incubated with ScCKmit specific antibody diluted 
1:5000 in TBST for 30 min, washed three times with TBST, and incubated for 30 min with goat-anti-rabbit 
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Figure 1. Gene targeting of the mouse ScCKmit gene in ES cells. 
Schematic diagrams show (A) the genomic structure of the wild-type 
ScCKmit gene, (B) the structure of the targeting vector, and (C) the 
predicted structure of the targeted ScCKmit allele. Numbers denote exons 
3-6, ATG indicates translation initiation site. The arrowed lines represent 
the diagnostic EcoRI fragments in the wild-type and mutated allele. 
Stretches of homology between targeting vector and the endogenous 
ScCKmit locus encompas 1.0 kb at the 5', and 4.2 kb at the 3' end. 
Hybridization probes are marked by solid boxes; a: 500 bp Haelll-Apal 
fragment located 5' outside the targeting vector, b: 300 bp BamHI-Pstl 
probe located just 3' outside the vector, c: the 400 bp Sstl-Smal fragment 
that was replaced in the targeting vector. The small arrows show the 
position and direction of the oligonucleotide primers used for PCR analysis 
of mouse tail biopsies. Position and transcriptional orientation of the 
HygroB cassette is indicated by the large arrow. (D) Southern blot analysis 
of genomic DNA of wild-type E14 ES cells, two clones correctly targeted 
at the ScCKmit locus ( + /-), and one clone with a random integration 
(+/+). DNA was digested with EcoRI and the blot was simultaneously hybridized with probes (a) and (b). 
(E) Identification of thegenotype of offspring of crosses between mice heterozygous for the mutant ScCKmit 
allele. Genomic DNA was isolated from tail biopsies and a PCR reaction was performed with three primers 
(see 1A and 1С) to discriminate between wild-type and targeted alleles. Sizes of the DNA fragments are 
indicated on the right. 
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immunoglobulin G coupled to horse raddish peroxidase (Amersham), diluted 1:10,000 in TBST. After three 
washes with TBST, the immune complexes were detected by chemiluminescence (Boehringer Mannheim 
GmbH, Germany) and exposed to Kodak X-Omat SI autoradiography films. The antibodies were stripped 
from the membrane by a 30 min incubation in 62.5 mM Tris/HCl pH 6.7, 2% (w/v) SDS, and 100 mM ß-
mercapto-ethanol at 50°C. Subsequent incubation of the membrane with 1:300 diluted aUbCKmit antibody 
and detection of the immune complexes was performed as described above. 
CK isoenzyme activity analysis of tissue extracts 
Extracts for zymogram analysis were prepared by diluting 10% (w/v) tissue homogenates (see above) five-
fold in 30 mM sodium phosphate buffer pH 7.4, 0.2 mM phenyl methanesulphonyl fluoride (PMSF), 0.2 mM 
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dithiothreitol (DTT), and 0.05% (v/v) Triton X-100. Extracts were incubated at room temperature for 1 hr 
and supernatants, obtained by centrifugation at 12,000 rpm for 30 min at 4°C, were applied to cellulose 
acetate membranes (Boskamp folien, LMB Laborservice GmbH, Bonn, Germany) and resolved by 
electrophoresis (200 V for 1 hr) in Tris-barbital buffer, pH 8.6. CK activity was visualized with a colouring 
gel, prepared according to Kanemitsu and Okigaki (1988) using a CK reaction kit (Boehringer Mannheim 
GmbH, nr. 1442376). Staining by AdK activity was prevented by 10 μΜ of the AdK-specific inhibitor P'.P5-
di(adenine-5')-pentaphosphate (ApSA). 
Total CK specific activity in homogenates was measured using a CBR-CK NAC-activated kit (Boehringer 
Mannheim GmbH, Germany, No. 473742) adapted for a Cobas Mira Analyser (Hoffman LaRoche, Basel, 
Switzerland). 
Measurement of mitochondrial enzyme activities 
Homogenates from freshly excised heart (5% w/v) and total hind leg muscles (20% w/v) were prepared in 
SETH buffer at 4°C. The homogenate was centrifuged at 600 χ g to obtain the supernatant fraction. 
Mitochondrial suspensions were prepared by centrifugation of the 600 χ g supernatant at 14,000 χ g, washing 
the mitochondrial pellet once with SETH-buffer, and suspending the mitochondria in a volume of SETH-
buffer corresponding to their volume in the 600 χ g supernatant. Cytochrome с oxidase and citrate synthase 
activities were determined by the methods of Cooperstein and Lazarow (1951) and Srere (1969), respectively. 
[l-'*C]pyruvate oxidation rates were measured in the presence of malate, with and without ADP (Fischer et 
al., 1986). ATP and PCr production from arsenite sensitive pyruvate oxidation was assayed by coupled 
enzyme reactions, monitoring the increase in NADPH at 25°С and 340 nm (Fischer et al., 1986). 
Chemical analysis of metabolite concentrations 
For analysis of metabolite concentrations, mice were anaesthetized with 2,2,2-tribromoethanol. The 
gastrocnemius-plantaris-soleus (GPS) complex was exposed and immediately clamp frozen. The frozen 
muscles were pulverized in a mortar cooled 
with dry ice and extracted with cold perchloric acid. Glycogen, PCr, Cr, and levels of ATP, ADP, and AMP 
were assayed via coupled enzymatic reactions (Bergmeyer, 1974). The concentration of IMP was determined 
by high performance liquid chromatography analysis. 
Histochemistry 
For analysis of myosin heavy chain (MHC) composition, several muscles from a wild-type, ScCKmit[-/-], M-
CK[-/-], and ScCKmit/M-CK double mutant female were isolated. MHC isoforms were separated from crude 
myosin extracts by gradient Polyacrylamide gel electrophoresis and silver-stained gels were evaluated 
densitometrically, essentially as described by Hämäläinen and Pette (1993). 
"P-NMR spectroscopy 
For ¿л vivo "P-NMR spectroscopic analysis, mice were anaesthetized with l%-2% enflurane in 30% 0 2 , 70% 
N 2 0 delivered through a face mask. During experimentation the rectal temperature was monitored and 
maintained at 36.5°C ± 1°C. J'P-NMR spectra of mouse hind limb muscles were recorded on an Oxford 
Instruments magnet (4.3 T), equipped with a S.M.I.S. spectrometer, and working at 73 MHz for "P-NMR. 
The probe contained a three-turn copper wire 'H/"P double-tuned solenoid type of coil with an inner 
diameter of 8 mm and a height of 6 mm (Heerschap et al., 1988a) and mounted vertically in the NMR 
magnet, so that the animal was head up during the experiment. The magnetic field was shimmed using the 
proton signal from muscle water (linewidth 30-60 Hz). Phosphorus spectra were obtained by applying 
nominal 70° pulses of 16 μί to the intact muscle. T, measurements were performed with a saturation recovery 
sequence (Heerschap et al., 1988b). The delay time between the train of 50 saturation pulses and the 
excitation pulse was varied between 1 and 25,000 ms. T, values were calculated from single exponential fits 
to the integrals of the Gaussian fitted spectral lines. For fully relaxed spectra, repetition times of at least three 
times the calculated T, for PCr were used. Inversion transfer experiments were performed as described 
previously (van Deursen et al., 1993). 
"P-NMR spectroscopy during lower limb muscle contraction was performed essentially as described for M-
CK deficient mice (van Deursen et al., 1993). Spectra were acquired with a 5 s pulse interval (to avoid 
excessive saturation of PCr resonance in double mutant muscle, see results) in blocks of 48 scans each, 
giving a time resolution of 240 s per spectrum. After acquisition of a spectrum at rest, the sciatic nerve was 
100 
skeletal heart 
A muscle muscle brain В 
18S 
18S — 
l e s ­
t e s — 
*/+ +-/- ·ί-
*** * -
ш> 
b. 
jÉj^—^eiJlifc 
M 
# | 
m 
Sstl - Smal probe 
ScCKmit exon 3-4 
cDNA probe 
UbCKrnit cDNA probe 
GAPDH probe 
skeletal heart 
muscle muscle 
« . * · · 
. 
anti ScCKmit 
*m m • 
anti UbCKrnit 
brain 
- V V : 
— 67.0 kD 
— 43 0 
— 30 0 
— 67.0 kD 
— 43.0 
— 30 0 
heart 
muscle 
— ScCKmit 
— CKMM 
CKMB 
Figure 2. RNA and protein analysis of wild-type ( + / + ) , 
heterozygous (+/- ) , and homozygous (-/-) littermates, carrying 
ScCKmit mutant alleles. (A) Northern blot analysis of total hind 
leg muscle, heart muscle and brain (only wild-type) RNA. The 
blot was subsequently hybridized with the designated probes. A 
GAPDH probe was used to assess the loading of the gel. (B) 
Western blot analysis to determine expression of mitochondrial 
creatine kinase subunits. Total protein was isolated from skeletal 
and cardiac muscles of the three mice, while wild-type brain 
extract was used as a reference for the UbCKrnit subunit. The 
membrane was subsequently incubated with a monospecific 
polyclonal anti-ScCKmit antibody and a specific anti-UbCKmit 
polyclonal antibody. Complexes were visualized by 
chemiluminescence. Positions of marker proteins are indicated 
on the right. A single ScCKmit gene product, with the expected 
molecular weight of ± 42 kD, is detectable in wild-type and 
heterozygous striated muscle tissue and is completely absent in mice homozygous for the ScCKmit mutation. 
(C) Zymogram analysis of cardiac and skeletal muscle extracts from a wild-type ( + / + ) and CK[-/-] double 
mutant mouse. CK isoenzymes were electrophoretically separated on nitrocellulose acetate membranes and 
specifically stained for CK activity. Positions of the combinations of CK subunits in muscle are indicated. 
The arrow shows the loading position. 
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electrostimulated with supramaximal square pulses of 2 ms duration at 15 V. Two spectra were obtained 
during 8 min of stimulation at 1 Hz. The muscles were allowed to recover for 8 min during which two 
additional spectra were acquired, before another 8 min stimulation period of 5 Hz was applied. Subsequent 
muscle recovery was monitored for variable lengths of time. 
The summed free induction decays were processed on a Sun Sparc 330 workstation, using the NMR1 
spectroscopy processing software. The decays were multiplied by a Gaussian function before Fourier 
transformation. After manual phasing, baseline correction was performed by baseline deconvolution. 
Estimates of the relative peak areas of the phosphates were obtained by curve fitting of spectral lines to 
Gaussian line shapes. pH values were calculated from the chemical shift of the Pi signal as described 
previously (Heerschap et. al., 1988a). 
Measurements of skeletal muscle function 
Female mice (age 2-4 months, bodymass 20-30 g) were anaesthetized with pentobarbitone (90 mg/kg 
bodymass; i.p.). Additional doses (25 mg/kg; i.p.) were applied every 30 min. Medial gastrocnemius muscles 
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were prepared free leaving the attachment to the femur and blood supply intact. Distally, the Achilles tendon, 
with a piece of the calcaneus bone, was attached to a measuring device (de Haan et al., 1989). Body 
temperature was maintained by placing the mouse on a heated pad. Muscle temperature was kept at 35 "C 
with a water saturated air flow around the muscle. Maximal stimulation (current 0.2 mA; pulse duration SO 
με) was applied via the severed sciatic nerve, with only the branch leading to the medial gastrocnemius left 
intact. 
Muscle optimum length (LQ) was first estimated using twitch contractions at different lengths of the muscle-
tendon complex, and further assessed using three tetani (duration ISO ms; stimulation frequency 100 Hz). 
Subsequently, the muscle performed two fatiguing exercise protocols: one 
long duration (S s) isometric tetanus at L0, and a series of 20 repeated isometric contractions (duration 170 
ms) within S s at L,,. Force signals were digitized (1000 Hz) and analyzed for peak force, time to peak force, 
and half time of relaxation (time for force to fall from half to a quarter at the end of stimulation; Edwards et 
al., 1975). 
Electron microscopy 
Mice were anaesthetized intraperitonealy (using 2,2,2-tribromoethanol) prior to the removal of the GPS 
muscle complex, heart, diaphragm muscle, and intercostal muscles. The tissue samples were briefly rinsed in 
physiological saline and fixed by immersion in 2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4, 330 
mosm). The specimens were orientated longitudinally for prolonged overnight immersion fixation at 4°C and 
rinsing (overnight) in 0.1 M phosphate buffer at 4°C. The individual soleus and gastrocnemius muscles of the 
GPS complex were dissected during fixation. Postfixation was carried out in the same buffer supplemented 
with 1% osmium tetroxide at 4°C for 1-2 hr. After extensive rinsing of the tissues, dehydration was 
performed in an ascending series of aqueous ethanols, and the tissues embedded in Epon 812. For light-
microscopic analysis, semi-thin 1 μπι sections were cut and stained with toluidin blue. Subsequently, ultrathin 
sections were cut, double contrasted with uranyl acetate and examined in a Philips electron microscope EM 
301 or a JEOL ТЕМ 1010. 
Statistics 
The unpaired f-test was used to compare between wild-type animals and each of the mutant groups for all 
experiments described. 
Results 
Targeted disruption of the ScCKmit locus 
A lambda EMBL3 genomic library of mouse strain 129/Sv was screened with a 2.1 kb cDNA to 
clone a fragment of the mouse ScCKmit gene. Phages from eight positive plaques were purified to 
homogeneity and the insert of one phage was used to subclone a 7.0 kb PstI fragment spanning the 
ATG translation start codon. By determining several partial sequences from this subclone and by 
comparison to the previously published human ScCKmit cDNA (Haas and Strauss, 1990) we were 
able to locate exons three to six and the corresponding exon-intron boundaries. This segment 
comprises amino acid positions 1 to 185 of the mature protein, and also includes the 39 N-terminal 
residues of the mitochondrial transit peptide (positions are designated as in the homologous human 
ScCKmit protein; Haas and Strauss, 1990). Further subcloning of intronic sequences from the 7.0 
kb PstI clone yielded also the 5' and 3' diagnostic single copy probes shown in Figure 1. 
For disruption of the ScCKmit gene, a targeting vector as shown in Figure IB was used. This 
targeting construct was designed to replace a 400 bp fragment encompassing the genomic region 
encoding the transit peptide and amino acids one to three of the mature protein with a hygromycinB 
resistance gene. We deliberately chose to remove the entire mitochondrial transit peptide segment to 
prevent the import of truncated protein products from the targeted allele into the mitochondria, thus 
avoiding undesired dominant-negative effects. After transfection of embryonic stem (ES) cells with 
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the linearized targeting vector and positive-negative selection in culture medium containing 
hygromycinB and FIAU, 35 clones (19% of clones selected) harbouring the desired mutation were 
identified. A diagnostic Southern blot assay with the two 5' and 3' flanking single copy segments 
showed that correct homologous recombination events had indeed occurred at both sides of the 
disruption in all clones (Figure ID). 
Generation of ScCKmit- and ScCKmit/M-CK deficient mice 
ES cells amplified from six targeted clones were used to generate chimaeras and, via extensive 
breeding with C57B1/6 females, males derived from two clones were able to transmit the mutation to 
their offspring. The highest transmitting line was chosen for heterozygous intercrossings to obtain 
mice with disruptions of both ScCKmit alleles. Litter sizes of these matings were normal and 
genotyping of offspring by PCR analysis showed the expected Mendelian distribution of wild types 
and heterozygous and homozygous mutants (Figure IE). ScCKmit[-/-] mutant mice appeared healthy 
and had no gross abnormalities or behavioral defects. Interbreeding of homozygous ScCKmit mutant 
males and females gave rise to litters of normal size, again with apparently healthy offspring. 
To verify that the ScCKmit deficient animals did not express the Sc-type mitochondrial CK, we 
performed Northern blot analysis with RNAs from skeletal and heart muscle and brain. This 
Northern blot was hybridized with a probe generated from the deleted 400 bp fragment, covering 
part of exon 3. As shown in Figure 2A, the 1.2 kb ScCKmit mRNA product could not be detected 
in homozygous mutant mice, while levels in the heterozygotes were approximately half of the levels 
expressed in wild-types. However, when a ScCKmit cDNA probe spanning parts of exons three and 
four was used, a smaller sized mRNA product was observed. Since a similar pattern was generated 
by a ScCKmit cDNA probe spanning exons six to eight (not shown) we surmise that this mRNA 
product is derived from the aberrant splicing of mutant transcripts, but the exact nature of this 
remnant mRNA was not investigated further. The RNA blot was subsequently hybridized with a 
cDNA probe specific for the 5'UTR in mRNA for mouse ubiquitous CKmit (UbCKmit), the other 
mitochondrial CK isoform (see for details Steeghs et. al., 1995b). UbCKmit mRNA transcripts were 
not detected in total RNA preparations of ScCKmit deficient cardiac or skeletal muscle (Figure 2A). 
This suggests that expression of this CK isoform is not upregulated to detectable levels to 
compensate for ScCKmit deficiency. 
Next, the levels of expression of ScCKmit protein subunits were examined by immunoblotting, 
using a sensitive and monospecific rabbit polyclonal anti-ScCKmit antiserum that was raised against 
a peptide comprising amino acids 98-114 of the mature polypeptide (Friedman and Perryman, 
1991). This epitope is conserved between species and is encoded by parts of exons five and six, and 
is thus located carboxy-terminal from the region that was deleted by homologous recombination. As 
expected, the ScCKmit protein was not detectable in either heart and skeletal muscle of ScCKmit[-/-] 
animals (Figure 2B). This result indicates that the residual mRNA transcript cannot encode any 
stable protein product, and confirms that the mice generated are true null mutants for ScCKmit 
expression. Antibody complexes were stripped from the membrane and the blot was subsequently 
incubated with a polyclonal antibody raised against a short peptide in the UbCKmit isoform subunit 
(Friedman and Perryman, 1991). Approximately equal signal intensities were seen in both muscle 
tissues in wild-type, heterozygous, and ScCKmit[-/-] mice (Figure 2B). The protein detected by the 
anti-UbCKmit antibody in muscle is probably derived from vascular smooth muscle tissue of blood 
vessels (Ishida et al., 1991; Payne et al., 1991). Total CK activities in heart and skeletal muscle 
extracts were determined biochemically and found to represent approximately 60% and 95%, 
respectively, of activities in wild-type muscles. These values can be attributed entirely to the 
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presence of M-CK in striated muscle, or B-CK and UbCKmit in smooth muscle. 
Surprisingly, upon biochemical and ultrastructural analysis, "P-NMR spectroscopy, and 
characterization of contractile performance in ScCKmit[-/-] animals, no significant differences 
between wild-type and mutant muscles were detected (see below). We therefore decided to focus 
primarily on the study of animals in which both the mitochondrial and cytosolic end points of the 
CK system in muscle were inactivated. Matings between ScCKmit[-/-] and M-CK[-/-] animals 
described earlier (van Deursen et al., 1993) produced mice that were heterozygous for both 
mutations (i.e. ScCKmit[+/-]; M-CK[+/-]). By genotyping 215 offspring from crosses between 
these double heterozygous animals we identified eleven wild-types and ten ScCKmit[-/-];M-CK[-/-] 
double mutants. These numbers approach those predicted for normal Mendelian segregation. Double 
deficient mice, which henceforth will be referred to as CK[-/-], were not overtly different from wild 
type or heterozygous littermates and bred normally. To verify that double mutant animals did not 
exhibit other residual CK isoenzyme expression patterns than the mice carrying single knock outs, 
CK[-/-] mice from the Fl generation and subsequent generations in our breeding colony were 
subjected to conventional CK isoenzyme distribution studies. As anticipated, zymogram assays of 
cardiac and skeletal muscle extracts showed complete absence of muscle-type CK activity (Figure 
2C). The slight increase in the level of CKBB in heart muscle was already noted in M-CK[-/-] mice, 
and can be explained by the lack of capture of B-type subunits in CKMB heterodimers (van Deursen 
et al., 1993). Biochemically determined total CK activity in heart and skeletal muscle extracts was 
0.3% and 2% of wild-type levels, respectively. We conclude that neither the single nor the 
combined deletion of members of the CK isozyme family results in compensatory overexpression of 
any of the other isoforms of the CK family. 
Table 3. Concentrations of Energy Related Metabolites in GPS Muscle Complex of Wild-type, 
ScCKmit[-/-] and CK[-/-] Mice 
Compound 
ATP 
ADP 
AMP 
ATP+ADP + AMP 
IMP 
Cr 
PCr 
Cr+PCr 
PCr/ATP 
Glycogen 
Wild-type 
7.75 ± 0.79 
0.85 ± 0.06 
0.12 ± 0.03 
8.72 ± 0.82 
0.16 ± 0.04 
14.8 ± 1.7 
14.5 ± 1.9 
29.3 ± 2.1 
1.90 ± 0.36 
33.3 ± 6.2 
ScCKmit[-/-] 
6.76 ± 0.73 
0.69 ± 0.07 
0.10 ± 0.01 
7.55 ± 0.68 
0.14 ±0.03 
12.4 ± 0.9 
12.3 ± 0.7 
24.7 ± 1.4' 
1.83 ± 0.17 
24.7 ± 3.7 
CK[-/-] 
5.41 ± 0.64* 
1.60 ± o.or 
0.51 ± 0.08* 
7.52 ± 0.65 
0.66 ± 0.10* 
12.8 ± 1.0 
14.9 ± 1.4 
27.7 ± 1.7 
2.76 ± 0.15* 
46.2 ± 2.5* 
Values are means ± SD indicated in micromoles per gram wet weight; glycogen content is indicated in 
micromoles glucose per gram wet weight; η = 5 for wild-types and η = 6 for ScCKmit[-/-] and CK[-/-] 
mice, η = 4 only for IMP of CK[-/-]. 
* Values are significantly different (p < 0.01) from those of wild-type muscles. 
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Mitochondrial capacity and metabolite concentrations in the mutant muscles: PCr without CK 
Regulation of OXPHOS activity and oxygen consumption in muscle cells is controlled by complex 
interactions among metabolic pathways in which creatine levels and CKmit activity may be 
important parameters (Wyss et al., 1992). The characterization of ScCKmit[-/-] and CK[-/-] mice 
was therefore initiated by determinations of mitochondrial capacity in 600 χ g supematants and 
isolated mitochondria of cardiac muscle and total skeletal muscle of the hind limb. As shown in 
Tables 1 and 2, specific activities of two mitochondrial marker enzymes, cytochrome с oxidase 
(COX) and citrate synthase (CS), were similar in wild-type and ScCKmit[-/-] heart and hind limb 
muscles. The mitochondrial capacity to oxidize pyruvate in the presence of malate and the resulting 
high-energy phosphoryl production (measured as the , 4C0 2 derived from oxidation of [1-14C] 
pyruvate, and the arsenite-sensitive mitochondrial generation of ATP + PCr, respectively) were also 
comparable in wild-type and ScCKmit[-/-] muscles. Mitochondrial integrity can be determined from 
the ADP stimulation rate, and was found to be comparable in wild-type and ScCKmit[-/-] 
supematants and isolated mitochondria. Activities of mitochondrial enzymes in 600 χ g supematants 
of CK[-/-] total hind limb muscle were higher than in wild-types, while in cardiac extracts they were 
comparable to controls (Tables 1 and 2). 
One of the postulated functions of CKs is to keep the ATP pool highly charged and to prevent 
large fluctuations in the overall ATP/ADP ratio. Therefore, chemical methods were used to examine 
whether ScCKmit or total CK deficiency will influence the levels of resting-state energy metabolites. 
To our surprise, we observed that the concentration of PCr in the gastrocnemius-plantaris-soleus 
(GPS) complex of CK[-/-] animals was similar to wild-types (Table 3). This unexpected presence of 
PCr in muscles that were assumed to be completely lacking any capacity to regenerate PCr was 
confirmed by " P nuclear magnetic resonance (NMR) spectroscopy (see Figure 4B). Concentrations 
of PCr, Cr and total Cr (Cr + PCr) were similar in wild-type and CK[-/-] muscles at rest. Levels 
were slightly lowered in ScCKmit[-/-] mutants but we do not know whether this deviation has any 
biological significance. Although the total content of adenine nucleotides in the two CK mutants 
remained unchanged, concentrations of ATP, ADP, AMP, and also of IMP showed some variations. 
The concentration of ATP in ScCKmit[-/-] skeletal muscle was comparable to wild-type, but was 
reduced in CK[-/-] mice. ADP levels were slightly lowered in ScCKmit[-/-] muscles, while in 
CK[-/-] mice they were approximately doubled. The concentrations of AMP and IMP were 
significantly increased, to about four-fold the wild type level, only in CK[-/-] muscles. Finally, 
levels of glycogen in GPS complexes were quantitated chemically and were also found to be higher 
in CK[-/-] muscles (Table 3). 
Analysis of spectra of contractile isoproteins. 
We considered the possibility that CK mutations would bring about an altered response to workload 
in muscle (Moerland et al., 1989). Alterations in myosin heavy chain isotype (МНС) distribution are 
often indicative for activity changes or for regenerative processes (Pette and Vrbová, 1992). МНС 
types were analyzed by native gel electrophoresis and densitometric scanning of intensities of 
individual bands (Figure 3). Comparison of the distribution patterns in the representative slow soleus 
muscle, the intermediate type gastrocnemius and diaphragm muscle, and the fast psoas and extensor 
digitorum longus (EDL) muscle, showed that transitions in isomyosin heavy chain types do not occur 
in either of these types of muscle in ScCKmitf-/-] or, more strikingly, in CK[-/-] mice. In contrast, 
small but significant changes became apparent in fast muscles from M-CK[-/-] mice. Profiles in 
M-CK[-/-] EDL (not shown), psoas and gastrocnemius display a slight fast-to-slow shift from 
MHCIIb to MHCIId compared to wild-type and ScCKmit[-/-] and CK[-/-] mutants. Changes in 
cardiac atria and ventricles were not observed for any of the mutants (results not shown). 
106 
м-скі-л 
ScCKm¡l|-/-| OKI/-) 
90 
SO 
70 
60 
50 
40 
30 
20 
10 
О 
МНС I ¡ = = | МНС Ilo Щ$ мне lid HHC IIb -
и ок| /1 ScCKmlll /1 Control M-CKI-/-I ScCKmill /1 CKH-I 
Figure 3. Myosin heavy chain (MHC) distribution in extracts from several muscles of a wild-type, ScCKmit 
[-/-], M-CK[-/-J, and CK[-/-] mouse. Electrophoretic separations of (A) diaphragm, (B) soleus, (C) 
gastrocnemius, and (D) psoas muscle extracts were densitometrically scanned. Indicated at the left of each 
figure is the percent of total MHC isoforms. Every bar represents three gels from one muscle. 
Resting state characterization of skeletal muscle of CK mutant mice by "P-NMR spectroscopy 
Since the phosphorylated metabolites directly measured by in vivo "P-NMR are intimately related to 
the CK/PCr system, this technique is most suitable to study the role of CK enzymes in energy 
conversion processes in intact resting and working muscle. Firstly, in vivo "P-NMR spectroscopy of 
intact hindlimb muscle of anaesthetized ScCKmitf-/-] and CK[-/-] mice at rest was performed. Fully 
relaxed spectra from total hindlimb muscles of wild-type and ScCKmit mutant mice were similar 
(data not shown). The reverse pseudo-first order rate constant (K
r
) for the high-energy phosphate 
transfer from ATP to PCr was 1.01 ± 0.15 s-1 (n = 3) for ScCKmit[-/-] muscle. 
Resting state spectra of CK[-/-] muscles confirmed the unexpected presence of PCr as determined 
by chemical analysis (Figure 4B). A clear peak appeared exactly at the chemical shift position 
expected for PCr (at 2.44 ± 0.02 ppm from the position of γΑΤΡ) in spectra of CK[-/-J mice. The 
relative chemical shift positions of the three ATP resonances in mutant skeletal muscle spectra were 
similar to wild-type spectra. A further characteristic of resting state spectra of CK[-/-] muscles was 
that signals derived from inorganic phosphate (P¡) and phosphomonoesters (PME) were more distinct 
than in wild-type or single CK mutant mice. 
To obtain fully relaxed spectra, it is necessary to avoid saturation of spin systems which may 
result in disturbed spectral intensities. Therefore, the spin-lattice relaxation times (T, values) of 31P 
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nuclei of metabolites in hindlimb muscle of wild-type, ScCKmit[-/-], M-CK[-/-], and CK[-/-] mice 
were measured. The T, values (in s, η = 4) for PCr were similar for wild-type and ScCKmit[-/-] 
muscles (4.22 ± 0.27 and 4.11 ± 0.34, respectively), but were higher in M-CK[-/-] and CK[-/-] 
muscles (5.32 ± 0.51 and 5.84 ± 0.42, respectively). A proportionally lower T, for γΑΤΡ was 
determined for CK[-/-] muscles, 1.52 ± 0.26 as compared to 2.04 ± 0.13 for wild-type. For 
comparison, T, values for ßATP were similar, 1.52 ± 0.22 for wild-type and 1.43 ± 0.15 for 
CK[-/-]. It is interesting to note that the T, for PCr in the double mutant is similar to that in a 
protein free solution. 
To determine the relative levels of NMR-visible energy metabolites at rest, fully relaxed "P-NMR 
spectra, using delay times between pulses of at least three times the longest T, value for PCr, were 
acquired from wild-type muscle and from the three CK mutants. Fractional peak areas of P„ PCr, 
and the three ATP resonances, as well as the intracellular pH were calculated. Relative peak areas 
of energy metabolites in wild-type, ScCKmit[-/-] and M-CK[-/-] single mutants were all similar 
(Table 4). However, metabolite levels in CK[-/-] mutant muscles show a different distribution. 
Relative PCr levels are substantially lower, while relative peak areas from the ß-, and у phosphates 
of ATP are higher. Consequently, this results in a significantly lower PCr/ATP ratio. The peak 
areas also show that relative levels of P, and PME have increased significantly in muscles that 
completely lack CK enzymes. Finally, the pH is similar in wild-type and CK mutant muscles. 
Table 4. Relative Peak Areas (Fraction of the Total Integral) of Phosphate Metabolites Calculated 
from Fully Relaxed NMR Spectra of Hind Limb Skeletal Muscle of Wild-type, ScCKmitf-/-], 
M-CK[-/-], and CK[-/-] mice. 
p, 
PCr 
o-ATP 
fl-ATP 
γ-ΑΤΡ 
Mean ATP 
PCr/ATP (mean) 
P/PCr 
PME 
pH 
Wild-type 
5.6 ± 0.9 
46.5 ± 1.3 
16.7 ± 0.9 
15.4 ± 0.5 
14.1 ± 0.8 
15.4 ± 0.3 
3.03 ± 0.15 
0.12 ± 0.02 
2.7 ± 0.7 (4) 
7.29 ± 0.07 
ScCKmit[-/-] 
4.8 ± 0.8 
46.9 ± 0.7 
17.5 ± 0.7 
15.5 ± 0.8 
14.5 ± 1.1 
15.8 ± 0.4 
2.96 ± 0.08 
0.10 ± 0.02 
2.9 ± 0.2 (2) 
7.17 ±0.05 
M-CK[-/-] 
4.5 ± 0.8 
47.3 ± 1.2 
16.7 ± 0.8 
14.0 ± 0.4 
13.7 ± 0.6 
14.8 ± 0.3 
3.20 ± 0.14 
0.09 ± 0.02 
3.8 ± 0.9 (5) 
7.24 ± 0.02 
CK[-/-] 
8.7 ± 0.5' 
35.6 ± 1.6* 
17.8 ± 1.0 
17.0 ± 0.Г 
16.1 ± 0.6* 
17.0 ± 0.6· 
2.11 ±0.16* 
0.25 ± 0.02* 
4.8 ± 1.0* (6) 
7.21 ± 0.05 
Values are mean ± SD, indicated in %, η = 6 for wil-type, ScCKmit[-/-], and CK[-/-], and η = 5 for M-
CK[-/-] animals. Mean ATP is the average of the three ATP resonance peaks. Inberween brackets are the 
numbers of experiments when the phospho-mono-ester (PME) signal was clearly above the noise level. 
* Values of mutant muscles are significantly (p < 0.01) different from those of wild-type muscles. 
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РСг is not hydroKzed ¡η contracting muscle with combined M-CK and ScCKmit deficiencies 
The unexpected presence of PCr in CK[-/-] muscles at rest raised the question as to whether this 
PCr reservoir could still serve as a temporal energy buffer at the onset of exercise. Changes in 
levels of 31P energy metabolites were therefore monitored during and after electrically stimulated 
isometric contraction of lower hind limb musculature. Changes in wild-type muscle PCr, P¡, and 
ATP profiles recorded during periods of stimulation at 1 or S Hz and during subsequent 
recuperation periods were as expected (n = 2, Figure 4A). In CK[-/-] muscles (n = 3) stimulated at 
1 Hz, levels of PCr, P¡, and ATP remained apparently constant during and after the exercise period 
(Figure 4B). Moreover, the PCr peak did not decline during 5 Hz stimulation, indicating that these 
muscles indeed have no catalytic capacity for PCr-utilization. Surprisingly, significant changes in 
peak areas of the three phosphates of ATP were not observed, suggesting that the strenuously 
activated muscle did not become deprived of ATP. Even when the exercise period was extended to 
20 min, levels of ATP seemed not to decline (result not shown). Intracellular pH values during 
periods of muscle stimulation and recovery were calculated and found to decline and recover in a 
way similar to wild-type muscle within the time resolution of the experiment. These fluctuations in 
pH value confirm that CK[-/-] muscles were contracting during the stimulation period. Finally, 
changes in phosphate metabolites were also monitored after death had occurred. In skeletal muscle 
of wild-type, ScCKmit[-/-], and M-CK[-/-] mice, PCr hydrolysis with a simultaneous fast and steep 
increase in P¡ levels preceded ATP utilization. In contrast, the level of PCr in CK[-/-] muscle 
remained relatively stable while the complete hydrolysis of ATP occurred with an increase of P¡ 
(result not shown). These results proof that catalytic utilization of PCr is blocked in CK[-/-] muscle. 
-ι г τ τ 1 1 г 1 
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Figure 4. "P-NMR recordings of changes in phosphate metabolites during electrical stimulated contraction 
and recovery of lower hind limb musculature in (A) wild-type and (B) CK[-/-] mice. Every spectrum 
represents the average of 48 free induction decays of 70° pulses and 5 s repetition time, giving a time 
resolution of 4 min per spectrum. One spectrum was obtained from the muscle at rest (a), followed by 8 min 
of stimulation at 1 Hz (b,c), 8 min of revovery (d,e), 8 min of stimulation at S Hz (f,g), and finally 8 min of 
rest (h,i). Identified peaks are assigned in the figure. The PCr peak was set at 0 ppm. Note that for display 
reasons the spectra in (A) have been scaled. 
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CK[-/-] muscles are unable to sustain force 
To test whether the defects in the CK/PCr system would influence the excitation-contration process, 
muscles of wild-type and CK mutant mice were subjected to high-intensity exercise protocols to 
study force generation under conditions of high metabolic flux. There was no difference between 
twitch forces of the four groups of mice (Table 5), nor in the time to peak or half relaxation times 
of the twitch contractions (not shown). In contrast, tetanic forces were lower in M-CK[-/-] and CK 
[-/-] mice compared to wild-type and ScCKmit[-/-] mutants, resulting in lower tetanic/twitch force 
ratio's (Table 5). Typical force traces of a wild-type and CK[-/-] muscle with similar twitch forces 
are shown in Figure SA. Already in response to the second stimulus pulse, and following all 
subsequent pulses, an impaired force production was seen for CK[-/-] muscle compared with the 
wild-type. The force started to decay significantly after the 6th stimulus (60 ms) whereas in wild-
type muscles peak force was not reached before ± 150 ms of stimulation (Table 5). Half relaxation 
times of tetanic contractions of M-CK[-/-] and CK[-/-] muscles were higher than those of wild-type 
and ScCKmit[-/-] muscles (Table 5), indicating that fatigue was an early event in M-CK[-/-] and 
CK[-/-] muscles. 
During an isometric tetanic contraction of 5 s duration there was no difference in the time course 
of force production between ScCKmit[-/-] and wild-type animals (Figure 5B). In contrast, both 
M-CK[-/-] and CK[-/-] mutant muscles lost 25% of their force within the first 500 ms. After this 
initial decline, force of CK[-/-] muscles continued to decrease, although at a lower rate. The force 
of M-CK[-/-] muscles at first recovered slightly between 0.5 and 1.5 s of stimulation, before 
declining at a rate similar to that in CK[-/-] muscles (Figure 5B). At the end of the 5 s isometric 
tetanus, similar half relaxation times were observed in the wild-type (8.7 ± 0.7 ms), ScCKmitf-/-] 
(8.1 ± 1.1 ms), and M-CK[-/-] (7.9 ± 1.2 ms) muscles. However, the CK[-/-] muscles exhibited a 
longer half relaxation time (11.0 ± 2.3 ms; ρ < 0.01), indicating a greater slowing of only the CK 
[-/-] muscles. 
Just as in the 5 s isometric contractions, in the repeated isometric contractions there was a clear 
difference in initial force production between the wild-type and ScCKmit[-/-] groups on the one 
hand, and the M-CK[-/-] and CK[-/-] groups on the other hand. Whereas the force generated by the 
first repeated contractions initially increased in the wild-type and ScCKmit[-/-] muscles, a large drop 
in force production (by ± 30%) already occurred in the second contraction of the series in M-CK 
[-/-] and CK[-/-] muscles (Figure 5C). Similar to the 5 s isometric tetanus, after the initial large 
drop in force, M-CK[-/-] muscles recovered slightly, in contrast to the CK[-/-] group. Whereas the 
wild-type and ScCKmit[-/-] groups showed decreases in times to peak force in the last contractions 
(to 69 and 91 ms, respectively), the times to peak force in the M-CK[-/-] and CK[-/-] animals 
increased from ± 60 ms (Table 5) to ± 150 ms. The latter increases in times to peak force 
occurred already in the first three contractions of the series. 
Finally, half relaxation times of the wild-type, ScCKmitf-/-], and M-CK[-/-] muscles remained 
fairly constant during the first ten contractions of the series of repeated tetani, but increased by 3-5 
ms thereafter (Figure 5D). In contrast, half relaxation time increased immediately after the first 
contractions in the CK[-/-] muscles and before leveling off later. Since the time interval for muscle 
relaxation is largely dependent on ATP hydrolysis via myosin and Ca2+-ATPases, a limitation in the 
supply of ATP might have been a problem for the CK[-/-] muscles only. 
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Table 5. Force Characteristics of Medial Gastrocnemius Muscles of Wild-type, ScCKmitf-/-], 
М-СЩ-/-], and CK[-/-] mice. 
Twitch force (N) 
Tetanic force (N) 
Tetanic/twitch ratio 
Time to peak force (ms) 
Half relaxation time (ms) 
Wild-type 
η = 14 
0.19 ± 0.05 
0.82 ± 0.22 
4.26 ± 0.36 
142 ± 4 
5.0 ± 0.5 
ScCKmit[-/-] 
η = 5 
0.17 ± 0.03 
0.78 ± 0.19 
4.57 ± 0.40 
142 ± 4 
5.0 ± 0.5 
M-CK[-/-] 
η = 4 
0.16 ± 0.03 
0.55 ± 0.04' 
3.41 ± 0.48' 
72 ± 12* 
7.2 ± 0.5* 
CK[-/-] 
η = 15 
0.17 ± 0.66 
0.58 ± 0.25» 
3.39 ± 0.38" 
56 ± Г 
7.5 ± 1.3* 
Values are means ± SD for all parameters. * and # denote significant differences (p < 0.01 and ρ < 0.02, 
respectively) between the wild-type group and each of the CK mutants. 
Ultrastructural abnormalities in CK[-/-] muscles 
Analysis of sections of diaphragm, heart, intercostal, gastrocnemius and soleus muscles of seven to 
fourteen week old ScCKmit[-/-] mice revealed no distinct morphological abnormalities in either the 
myofibrillar compartment or the mitochondrial ultrastructure. Also at higher magnifications, the 
arrangement of outer and inner mitochondrial membranes, as well as of the cristae, was identical to 
wild-type mice. 
A similar analysis was undertaken for CK[-/-] muscles. The enlarged intermyofibrillar 
mitochondrial volume that was apparent in type 2 fibers of M-CK deficient GPS muscles (van 
Deursen et al., 1993) was also observed in large fibers of CK[-/-] samples. In addition, diaphragm 
and intercostal muscles exhibited increased mitochondrial volumes in CK[-/-] animals. Mitochondria 
were often packed in rows and their sizes were highly variable, ranging from extremely large (more 
than 5 /im in length) to very small. Mitochondria-rich fibers of all CK[-/-] muscles examined, 
including heart, revealed a phenotype distinct from that found in the M-CK[-/-] animals, in that the 
CK[-/-] contained large numbers of lipid droplets (Figure 6A-D). Although lipid droplets were also 
seen in wild-type muscle sections, with the highest incidence in control diaphragm, their number 
was distinctly higher in CK[-/-] muscles. Lipid accumulations were also found in close association 
with mitochondrial aggregations in the large, presumably glycolytic, fibers of CK[-/-] muscles. In 
semi-thin 1 μπι sections, these lipid droplets can often be seen as strings of beads. Electron 
microscopic examination revealed the lipid droplets to be always associated with the 
intermyofibrillar mitochondria and never observed within the subsarcolemmal mitochondrial 
population. The majority of droplets were located immediately adjacent to mitochondria, but 
occasionally also intramitochondrially. Furthermore, mitochondria containing glycogen, lipofuscin 
granules, and other lysosomal structures were present in increased numbers in CK[-/-] muscles. 
These deposits are common to diseased muscle and occur to a much lesser extend in normal muscle 
(Dubowitz, 1985). As we anticipated effects of the mutation in elderly ScCKmit[-/-] mice, muscle 
tissue of ScCKmit null mutant and wild-type animals was again compared at an age of eight months. 
Although increased numbers of lipid droplets were present in ScCKmit[-/-] muscles, the overall 
picture was similar in wild-type fibers. Whether the increase in lipid droplet content is a common 
finding for mice at this age in general, or whether the genetic background (129/Sv χ C57B1/6 
hybrid) predisposes to this phenomenon, remains to be investigated. 
I l l 
в 
«- 0 5 -
0 °4 
Б °
3 
» 02 1 -ι 
β> 0 0 
^ I X 
φ Ю' 
и 
ш 
E 2<Ч 
о 
я 
ScCKm.tf ι 1 
Ψ 
Wild typ* 
U C K [ / ] 
- ^ * 
t 
CK[ / ] 
w _ 
Time (ms) Time (s) 
Φ 
υ 
120 
110 
100 • 
9 0 -
8 0 -
7 0 -
6 0 -
50 
и 
1 14 
1
 • Ι • • ' • Ι ' • • " ι · 
5 10 15 
Contraction number 
Φ 
Ε 
α 
χ 
я 
φ 
ОС 
12 
^ ^ 
- ι — ι ι ι • I | 
5 10 15 20 
Contraction number 
Figure 5. Contractile characteristics of wild-type, ScCKmit[-/-], M-CK[-/-], and CK[-/-] medial 
gastrocnemius muscles during high-intensity exercise. (A) Tetanic and twitch force production in wild-type 
(full traces) and CK[-/-] muscles (dotted traces). Redrawings of digitized force traces (1000 Hz) of tetanic 
(stimulation frequency 100 Hz, duration ISO ms) and twitch contractions. Note the similar twitch force in 
both muscles. (B) Isometric force production in S s duration tetani. Data are mean values of 6 experiments in 
each group. Force is expressed as a percentage of the peak force measured in each contraction. (C) Changes 
in isometric force production during a series of 20 repeated contractions. Successive contractions (duration 
170 ms; one every 250 ms) were performed in wild-type ("Π··, η = 8), ScCKmit[-/-] (--•--, η = 6), 
M-CK[-/-] (--·--, η = 5) and CK[-/-] (·Ό··, η = 6) muscles. Forces (mean ± SEM) are expressed as a 
percentage of the force in the first contraction of each series. (D) Changes in half relaxation times in series of 
20 repeated isometric contractions. Denotations and numbers of experiments are similar as in (C), except for 
ScCKmit[-/-] η = 5. Half relaxation times are mean ± SEM. 
Conspicuous, darkly staining, elongated inclusions were observed within the large fibers of 
gastrocnemius and intercostal muscles of CK[-/-] males and females in semi-thin sections (Figure 
6E). Within the fibers, the inclusions were found at both subsarcolemmal and intermyofibrillar 
localizations. Ultrastructural examination of various fibers revealed that the inclusions consist of 
closely packed, longitudinally oriented clusters of membranes, known as tubular aggregates (TAs) 
(Figure 6F and G). TAs are a distinct pathological finding in skeletal muscle consisting of 
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aggregated terminal cisternae or longitudinal components of the sarcoplasmic reticulum (SR) 
(Dubowitz, 1985). Figure 61 shows that terminal cisternae of the SR which are located in the direct 
surroundings of, or connected with, tubular inclusions were heavily dilated. This suggests that the 
TAs in our CK[-/-] muscles are derived from the SR as anticipated. The myofibrillar compartment 
adjacent to the tubular aggregates showed no structural abnormalities, and triads in those myofibrils 
also appeared normal. Besides the well-ordered aggregates, unorganized, more dilated membrane 
structures with varicosities containing electron-grey material could also be observed (Figure 6H). In 
summary, when CK[-/-] muscle ultrastructure is compared with that of M-CK[-/-] muscles, 
conspiciuous additional pathologic manifestations occur at the mitochondrial and SR compartments, 
sites known to be involved in the functional coupling of CK isoenzymes to OXPHOS and Ca2+ 
resorption, respectively. 
Discussion 
We have previously shown that the phenotype of animals with a partly inactivated CK/PCr system, 
due to the knock-out of the "cytosolic" M-CK gene, is partially rescued by developmental 
adaptations in skeletal muscle (van Deursen et al., 1993). As a rationale for the studies presented 
here, we reasoned that the effects of single disruption of the ScCKmit gene encoding the 
mitochondrial component of the PCr shuttle, could perhaps be similarly obscured. Moreover, 
combining both mutations might be more informative for our understanding of the biological 
significance of the PCr < = > ATP high energy phosphoryl transfer system in muscle. 
Mitochondrial creatine kinase deficiency is without direct phenotypic consequences 
Mice with a germline deletion of the ScCKmit mitochondrial import sequence plus the first three 
amino acids of the mature protein are completely devoid of ScCKmit as determined by 
immunological and enzyme assays, and are thus true null mutants. Absence of ScCKmit in mouse 
heart reduces the total CK activity by 40%, while the drop in activity in skeletal muscle was no 
more than 5%. These figures are in keeping with data for CK enzyme activities in oxidative and 
glycolytic types of muscle (Wyss et al., 1992). 
Our biochemical and ultrastructural characterization data did not suggest the existence of a 
mitochondrial myopathy in ScCKmit[-/-] mice and show that elaborate networks of energy 
transmitting kinases at the mitochondrial surface might mask the loss in CK activity. In addition, no 
compensatory increase in the levels of mitochondrial marker enzymes, as often seen in human 
mitochondrial myopathies (Brown and Wallace, 1994), nor any significant alterations in pyruvate 
oxidation rate or the production of total high energy phosphates, were observed (Tables 1 and 2). 
Obviously, ATP synthesized by mitochondria can (and most likely also does) reach the cytoplasm 
independently of the ScCKmit reaction. Whether in this situation the full rate of PCr production 
proceeds via the catalytic conversion by cytosolic CKMM, or whether a specific relocation of 
CKMM to sites in the immediate vicinity of mitochondria ameliorates the effects, remains subject of 
further experiments. NMR studies did not provide a direct answer to this question. Inversion 
transfer experiments on skeletal muscle of ScCKmit[-/-] mice indicate no abnormality for PCr 
< = > ATP exchange rates with respect to wild-type (van Deursen et al., 1993). Apparently, the 
CKmit-catalyzed reaction is not detectable by standard "P-NMR spectroscopy in this tissue. In 
contrast, preliminary data of saturation transfer on isolated ScCKmit[-/-] hearts in Langendorff 
perfusion did show a significantly reduced transfer (K. Nicolay, personal communication). We 
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assume that these differential findings directly reflect the differences in ScCKmit content in these 
tissues. However, we can also not exclude the existence of a pool of ATP at the mitochondrial 
compartment with properties requiring a different NMR magnetization transfer technique for their 
detection (Zahler et al., 1987; Zahler and Ingwall, 1992). 
In order to clarify whether there are any detectable phenotypic changes in ScCKmit[-/-] animals, 
they were subjected to an initial series of physiological tests. Neither twitch force, tetanic force, 
force during repeated isometric contractions, nor the half relaxation times were affected (Figure 5). 
These results were not entirely unanticipated since the buffering capacity through the CKMM 
isoenzyme is still fully intact. We may have missed specific features because more adequate 
protocols must be designed to address the enzymes' presumed role in aerobic long-term muscle 
performance. The possibility also remains that a critical low threshold in oxidative energy 
production may only be reached at more advanced ages when CKmit deficiency would add to the 
usual progressive decrease in mitochondrial electron transport capacity (Bowling et al., 1993). Yet, 
if taken together, our data suggest that ScCKmit function is not obligatory for OXPHOS nor the 
contractile properties of muscle tissue. From these data only we cannot determine whether ScCKmit 
merely serves a back-up function or whether (as yet unknown) compensatory adaptations obscure the 
phenotype in muscle. 
Presence of an inert pool of PCr in muscles of CK[-/-] double mutant mice 
Although it was anticipated that combined M-CK and ScCKmit deficiencies would exert extreme 
pressure on energy homeostasis of non-voluntary muscles, i.e. heart, diaphragm, and intercostal 
muscle, CK[-/-] animals were viable and apparently normal. Most strikingly, chemical assays and 
"P-NMR analysis revealed that PCr was still present in muscles that lack all CK activity. We have 
no doubt that the compound identified is truly PCr. Firstly, the PCr chemical shift in NMR spectra 
is identical in control and CK[-/-] mice. Furthermore, when external CK was added to CK[-/-] 
muscle extracts, PCr hydrolysis proceeded with normal kinetics. A chemical (i.e. non-catalysed) 
equilibrium cannot account for the accumulation and maintenance of the PCr levels observed as in 
vitro rates of the ATP + Cr < = > PCr + ADP reaction are extremely slow in the absence of CK 
(Meyer et al., 1982). Likewise, we also consider membrane transport of PCr generated by CKBB in 
adjacent endothelial cells, or supply via the blood circulation, as extremely unlikely. One cannot 
exclude, however, the possibility that trace amounts of CKBB in adult myofibrils may be involved 
in preserving a pool of PCr formed by high CKBB activity during embryonic development (Hall and 
DeLuca, 1975). Besides CKs, there are no other guanidino kinases present in vertebrate species to 
take over Cr phosphorylation (Watts, 1971). Finally, we have to regard the possibility that the 
phosphate moiety of PCr could also be derived from the ß-phosphate of ATP and transferred by 
adenylate kinase (AdK) (Yang et al., 1977). The close association between CK and AdK at sites of 
OXPHOS, glycolysis and ATP demand (Bessmann and Carpenter, 1985) and the experimentally 
demonstrated compensatory activities of these phosphoryl transfer systems (Zeleznikar et al., 1995) 
makes this enzyme one of the most likely candidates for phosphorylating Cr in CK depleted 
muscles. 
The main conclusion from experimental stimulation of the lower hind limb muscles monitored by 
NMR is that muscles with combined ScCKmit and M-CK deficiencies indeed are completely devoid 
of catalytic PCr-hydrolyzing capacity (Figure 4). Previously, we had found that PCr hydrolysis 
proceeds at near normal levels in M-CK[-/-] muscles (van Deursen et al., 1993). Our present data 
confirm the then suspected role of ScCKmit in this reaction. Also Miller et al. (1995) found that the 
other mitochondrial isoform, UbCKmit, can convert PCr into ATP in the liver of UbCKmit 
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transgenic mice. If combined, these results indicate that mitochondrial CKs can be involved in both 
the production as well as the hydrolysis of PCr depending on the physiological state of the cell. 
Changes in levels of Phosphagen metabolites as indicators of altered physiological state 
Reduced adenine nucleotide content is a consistent finding in creatine-depleted skeletal muscle 
(Shoubridge and Radda, 1984; Meyer et al., 1986; van Deursen et al., 1994b). Unfortunately, 
current knowledge regarding the regulation of total adenine nucleotide levels or the functional 
significance of the different levels observed is still limited, even for normal tissues. Compared to 
wild-type muscles, the total pools of creatine (Cr + PCr) and adenine nucleotides in CK[-/-] 
muscles remained essentially unchanged, but the ratio of the levels of ATP, ADP, AMP, and IMP 
have changed significantly (Table 3). Currently, we do not know whether this is an accurate 
reflection of the in vivo situation, as the possibility remains that Ca2+ induced changes during the 
freezing procedure could have directly influenced the actual concentrations of ATP, ADP, AMP and 
IMP (Meyer et al., 1985). Since PCr hydrolysis, which normally ensues these changes, is 
completely blocked, larger shifts in ATP, ADP, AMP, and IMP concentrations may occur, while 
the actual intracellular concentrations in the living muscle could still be at a normal level. 
Ratios of phosphate metabolites were also calculated from fully relaxed J1P-NMR spectra (Table 
4). The ratio of P, to PCr, which is often used to infer the bioenergetic status of a muscle, is higher 
in CK[-/-] mice. Increases of P„ which normally occur during muscle activity, but also during the 
proces of ageing, have pronounced effects on contractile function (Cooke and Pate, 1985; Phillips et 
al., 1991) and on the rate of Ca2+ release from the sarcoplasmic reticulum (Fryer et al., 1995). 
The ratio of PCr to ATP from the NMR spectra is substantially lower in CK[-/-] skeletal muscle 
compared to the PCr/ATP ratio in the wild-type and the other mutants, which are similar. This may 
be due to decreased PCr levels or increased amounts of ATP, or both. Only a slight increase in the 
relative ATP levels was observed in the rally relaxed NMR spectra of CK[-/-] mice, which can be 
explained in part by the more substantial decrease of the relative PCr signal intensity in the CK[-/-] 
muscle, increasing the fractional amount of ATP as seen by NMR. As the total pool of creatine 
(PCr + Cr) in CK[-/-] muscle is not different from muscles of wild-types or the other mutants, the 
most likely explanation for the decreased PCr/ATP ratio in CK[-/-] muscle is that creatine is not 
phosphorylated to the same level as in the other muscles, due to the absence of CK activity. 
However, currently we cannot exclude the possible existence of an NMR-hidden pool of PCr. An 
accurate comparison with the chemically determined PCr and ATP levels is difficult because of the 
unpredictable hydrolyzing activity during muscle freezing. It should also be noted that due to 
complete deficiency of CK activity in CK[-/-] muscles, kinetic coupling between concentrations of 
PCr and ATP (and also P) will be neglegible, and the PCr/ATP and Ρ,/РСг ratios will be of limited 
value for the prediction of the physiological state of the muscle. 
Another aspect that was revealed by the NMR studies were the shifts in Ti values for PCr and for 
7ATP in M-CK[-/-] and CK[-/-] skeletal muscles. In case phosphate exchange between PCr and 
γΑΤΡ contributes significantly to their apparent NMR Τ, relaxation times, it is anticipated that these 
values will change upon decreasing exchange rates. This was indeed found. T¡ values for PCr were 
lowest in wild-type, intermediate in M-CK[-/-], and highest in CK[-/-] muscle, while T, values for 
7ATP showed an inverse correlation. In principle, other changing interactions (e.g. binding to 
enzymes) might contribute to these Ti variations, but this seems unlikely as no significant difference 
was noted for relaxation times of the о and β resonances of ATP between wild-type and the various 
mutants. 
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M-CK deficiency primarily disturbs the excitation-contraction (Ε-C) coupling process 
Ε-C coupling in skeletal muscles is a rapid process involving the depolarization of the sarcolemma 
and the T-tubules, and transmission of the depolarization signal via the dihydropyridine receptor to 
the ryanodine receptor which in turn mediates Ca2+ release from the sarcoplasmic reticulum (SR) 
into the sarcoplasm. The Ca2+ released binds to tropomyosin and initiates cross-bridge cycling. 
Relaxation of muscle is relatively slow and requires hydrolysis of one molecule of ATP per cross-
bridge, and active transport of Ca2+ into the SR by Ca2+-ATPases. 
Fast and repetitive delivery of action potentials leads to an accumulation of twitches, producing a 
tetanus as the Ca2+ concentrations in the sarcoplasm reach saturation. Although the forces generated 
by a single twitch were similar in wild-type and mutant muscles, the induction of a tetanus in 
M-CK[-/-] and CK[-/-] muscles showed that the force production was already lower at the second 
stimulus. The tetanic force did not reach wild-type values, and already started to decline after 60 ms 
(Figure SA and B). These results strongly suggest that maximal sarcoplasmic Ca2+ concentrations 
are not reached, which would be expected were the delivery of Ca2+ insufficient. Furthermore, the 
loss of force generation was within a time span that would normally be considered too fast for 
metabolic conversion processes, such as impaired ATP hydrolysis by the actomyosin and SR 
ATPases. In addition, in the series of repeated isometric contractions, force production in M-CK[-/-] 
and CK[-/-] muscles was declined in the second contraction (Figure 5C). As it is generally accepted 
that functional coupling of M-CK to the myosin- and SR Ca2+-ATPases optimizes the 
thermodynamic efficiency of ATP hydrolysis (Wallimann et al., 1984; Ventura-Clapier et al., 1987; 
Korge et al., 1993; Korge and Campbell, 1994) we previously assumed that the force drop in 
M-CK[-/-] muscles could be due to altered ATP/ADP ratios (van Deursen et al., 1993). The results 
as shown in Figure 5D now show however that relaxation during the repeated contraction series was 
not significantly impaired. This indicates that the ATP availability for myofibrillar and Ca2+ 
ATPases in M-CK[-/-] mice is not limiting, but that instead the initial drop in force generation in 
M-CK[-/-] and total CK deficient muscles may be attributed to impaired Ε-C coupling. This would 
result in less myofibres being activated and allowed to participate in the generation of force 
(Edwards et al., 1975; de Haan et al., 1989). 
Figure б. Abnormalities in various striated muscles with combined ScCKmit/M-CK deficiencies. (A-D) 
Diaphragm muscle of wild-type (A and C) and CK[-/-] (B and D) animals in 1 μπι toluidine blue-stained 
longitudinal sections (A and B) and in electron microscopy (C and D). Representative areas show increased 
numbers of electron-grey stained lipid droplets in CK[-/-] diaphragm (small arrows in С and D). Similar 
patterns of lipid droplets were observed in sections of gastrocnemius, soleus, intercostal and cardiac muscles 
(not shown). (E-I) 1 μπι toluidine blue-stained section (E) and electron micrographs (F-I) of large fibers from 
gastrocnemius (E,F,H, and I) and intercostal (G) muscles of CK[-/-] mice. Several darkly stained inclusions 
(arrows and asteriks) can be distinguished within two muscle fibres (E). In corresponding electron 
micrographs (F and G), the inclusions appeared as tightly packed, longitudinally oriented tubules, known as 
tubular aggregates (TAs). Intermyofibrillar (arrows in E and F) or subsarcolemmal (asteriks in E and G) 
accumulations of TAs were found in both gastrocnemius and intercostal muscles. (H) High magnification 
reveals different aspects of TAs. Apart from regular tubular structures, aggregations of dilated varicosities 
filled with an electron-grey substance were also present. (I) Electron micrograph demonstrating the 
sarcoplasmic reticulum origin of the TAs. Arrows point to the gap-spanning foot structures between the T-
tubule and the SR terminal cistemae (triadic junction). The membranes of both terminal cisternae appear to be 
"scalloped" along the surface that faces the T-tubule. Note that the longitudinal tubules of the SR from the A-
band region as well as the SR terminal cisternae appear continuous with the tubular aggregate. Α,Β,Ε Bar = 
20 д т . C,D,F,G Bar = 1 μπι. Η and I Bar = 0.5 μπι. 
116 
ІЁг^штЩ ИШт· 
117 
Since activation of contraction will be affected in both M-CK[-/-] and CK[-/-] muscles, and 
ScCKmit deficiency alone does not alter short-term force generation, the question remains as to why 
the mechanical output of CK[-/-] muscles is impaired further (Figures 5B and 5C). Myosin is one of 
the principal determinants of energy demand in working muscle and alterations in myosin enzymes 
result in intrinsic differences in specific ATPase activity, shortening velocity, and energetic economy 
(Barany, 1967; Sweeney et al., 1988). МНС distribution showed a small transition towards the 
slower isoforms only in fast type muscles of M-CK[-/-] mice, but it is not clear why this shiñ was 
not noted for CK[-/-] muscles (Figure 3). Furthermore, compensatory mechanisms resulting in 
higher mitochondrial activity and higher glycogen breakdown were triggered in the M-CK single 
knock-out (van Deursen et al., 1993; Ventura-Clapier, personal communication). Whether the 
observed metabolic adaptations, i.e. higher activities of mitochondrial marker enzymes and higher 
glycogen levels (Tables 1, 2, and 3) are also functionally important in CK[-/-] muscles is uncertain. 
For example, accumulation of lipid in and around the mitochondria may indicate a decreased 
capacity to utilize fatty acids as substrate for oxidative ATP production (Figure 6; DiDonato et al., 
1978) or an attempt to increase ATP production by increasing the substrate supply. Finally, PCr 
hydrolysis via ScCKmit may keep local high energy charges just above threshold levels in M-CK 
deficient mice, while complete CK deficiency may result in local ATP/ADP ratios that are too low 
for maintenance of muscle force. 
By extending our earlier studies of M-CK deficient mice which lack burst activity (van Deursen et 
al., 1993) and by comparing these findings to the new observations in physiological testing of the 
CK[-/-] animals, we can now forward new models for the role of CKs. We conclude that the E-C 
coupling process is one of the primarily affected systems in M-CK deficient muscles. 
Hyperproliferation of sarcoplasmic reticulum induced by CK absence 
The combination of M-CK deficiency with a null mutation in the ScCKmit gene results in the 
appearance of tubular aggregates (TAs, Figure 6) derived from the SR. Since the highest free 
energy of ATP hydrolysis in muscle cells is required by the SR Ca2+ pump, this site would be 
particularly sensitive to changes in local concentrations of phosphate metabolites (Kammermeier et 
al., 1982; Kammermeier, 1987). However, such an adaptation to the altered energy status of the SR 
has not been observed before in creatine-depleted muscles. These subcellular changes may be 
functionally equivalent to hypertrophy of the SR terminal cisternae as they have been shown to be 
highly reactive with antibodies against Ca2+-ATPases and calsequestrin, and the maximal calcium 
content of TA-containing fibers is increased (Salviati et al., 1985). 
In mice, TAs have been observed in murine dystrophy heterozygotes (Craig and Allen, 1980) and 
in congenie mice of the MRL+/+ substrain (Kuncl et al., 1989). In the latter model, appearance of 
TAs is gender- and age related. Their number was found to increase in older males, while castration 
nearly completely prevented TA formation. This implies that both genetic and hormonal factors are 
involved in TA occurrence in the MRL+/+ mouse. In humans, the occurence of TAs has been 
associated with several genetic disorders, for example all types of periodic paralysis (Dubowitz, 
1985), and occasionally in malignant hyperthermia (Harriman, 1988) and paramyotonia congenita 
(result not published), conditions resulting from disturbances in ion homeostasis. The autosomal 
dominant muscle disease hypokalemic periodic paralysis (hypoKPP) is associated with decreased 
serum potassium levels, and causal mutations have recently been identified in the gene for the a, 
subunit of the dihydropyridine receptor (DHPR) (Ptácek et al., 1994; Jurkat-Rott et al., 1994). 
Hyperkalemic periodic paralysis (hyperKPP), characterized by elevation of plasma potassium levels, 
is caused by mutations in the adult sodium channel gene SCN4A, while mutations in this gene are 
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also associated with paramyotonia congenita (Ebers et al., 1991). Malignant hyperthermia 
susceptibility (MHS) is a genetic heterogenous disorder, partly linked to mutations in the SR calcium 
release channel (ryanodine receptor) gene and perhaps also to the gene encoding the DHPR a2/5 
subunits (lies et al., 1994). According to present-day understanding of Ε-C coupling in skeletal 
muscle, the arrival of a depolarization signal at the Τ tubule-SR junction induces conformational 
changes of the DHPR which, by direct physical association, induces the opening of the calcium 
release channels of the SR and the efflux of Ca2+ into the myofibrillar compartment (Catterall, 
1991). At this moment we can only speculate that the observed intracellular changes serve to rescue 
or mask the loss of function of the CK/PCr system in the complex regulation of Ε-C coupling and 
ion-homeostasis. The exact nature of the relationship between CK and ion balance remains an 
enigma. It has been shown experimentally that skeletal muscle triads contain a compartmentalized 
glycolytic reaction sequence, whose generated ATP is not in equilibrium with the cytosolic bulk of 
ATP (Han et al., 1992). Disturbances in the local adenine nucleotide balance at the triadic junction, 
as could be envisaged in the CK mutants, may directly affect phosphorylation of DHPR subunits or 
the ryanodine receptor and influence Ca2+ release from the SR (Arreóla et al., 1987; Suko et al., 
1993). Another, and according to new insights about phosphate transferring systems more likely 
possibility, is that the local action of CK may be involved in the regulation of ATP-sensitive 
channels (Goldberg, personal communication). Potassium channels that are ATP sensitive are widely 
distributed, and are important regulators of muscle contraction and secretory processes (Ashcroft 
and Ashcroft, 1990; Ashford et al., 1994). 
Although extensive previous biochemical and immunological localization studies (Wall¡mann et 
al., 1992) have failed to indicate the presence of M-CK in the triadic junctions or coupling to ATP-
sensitive ion channels, our studies strongly suggest that ion homeostasis is among the first processes 
affected when muscle cells are deprived of CK activity. 
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Chapter 6 
Summary / Samenvatting 

Summary 
Every single cell in a living organism is obliged to control its energy balance in order to allow all 
metabolic processes to occur at the most efficient rate. Especially in cells and tissues with high and 
fluctuating energy demands, this requires elaborate control mechanisms. Enzymes of the creatine 
kinase family (CKs) are closely associated with intracellular sites where ATP (the universal energy 
currency) is generated and utilized. Therefore, these enzymes (altogether five isoenzymes in most 
mammalian species) are considered crucial for cellular energy homeostasis. The five CK enzymes can 
be divided in three cytosolic and two mitochondrial family members. They catalyze the reversible 
exchange of high-energy phosphoryl between ATP and phosphocreatine (PCr): ATP + Cr + H+ 
< = > ADP + PCr. Based on descriptive in vivo studies and experimental in vitro systems several 
functions have been ascribed to the CK/PCr system (i.e. the isoenzymes with their substrates). These 
include temporal buffering of high-energy phosphates, transport of energy equivalents from sites of 
production to sites of utilization, and maintenance of proper ATP/ADP ratios at subcellular 
compartments. The studies described in this thesis address the biological and physiological relevance 
of the CK/PCr system in the most direct way, as studies were performed in the context of the whole 
cell and organism. The approach chosen was to generate mice deficient in mitochondrial CK 
isoenzymes (CKmit) via gene targeting in mouse embryonic stem cells and to evaluate the phenotypic 
consequences. Based on a substantial number of published reports that demonstrated an important 
role for CKmit in control over ADP/ATP ratio's in the mitochondrial intermembrane space, it was 
expected that mitochondrial oxidative phosphorylation (OXPHOS) would be severely impaired. 
Furthermore, these mice would provide the most suitable model system for addressing the spatial 
buffering function of the CK/PCr system. 
When the studies described in this thesis were commenced, sequence data for the human ubiquitous 
mitochondrial CK gene had been published. This enabled the generation of a UbCKmit-specific probe 
and the isolation of the complete UbCKmit gene of the mouse. Because only little information was 
available on its regulatory principles, the UbCKmit gene was subjected to gene characterization 
studies (chapters 2 and 3). Using in situ hybridization on chromosomes in metaphase, the UbCKmit 
locus could be assigned to human Chromosome 15 region ql5, and to mouse Chromosome 2 bands 
F1-F3. Since additional genes have been assigned to these chromosomal segments which are similar 
in both man and mouse, it follows that these regions are highly conserved. The gene for the other 
mitochondrial CK, ScCKmit, is located on human Chromosome 5. Besides the CKmit genes several 
other isogene couples have been located to the pertinent segments on human chromosomes 5 and 15, 
suggesting that a single chromosomal duplication event involving several genes preceded the 
divergence of UbCKmit and ScCKmit. 
The nucleotide sequence of the complete mouse UbCKmit gene was determined, including 2.5 kb 
of the upstream region (chapter 3). The genomic organization, i.e. nine exons spreaded over 5.5 kb, 
is identical to the human situation and a high degree of conservation exists between exons of mouse, 
man, and rat. The nucleotide sequence of the promoter region of the gene was searched for sequence 
elements that are known for their role in transcription regulation. The UbCKmit gene is not preceded 
by the common TATAA- and CAATT boxes. Instead, the immediate 5' upstream region is very GC-
rich and contains several SPI and AP2 motifs, as well as a H1P-1 box. By performing SI nuclease 
protection assays, it became evident that transcription is initiated from multiple sites. Taken together, 
the UbCKmit gene displays several features that are characteristic for genes encoding housekeeping 
proteins. Additionally, three boxes were identified that are supposed to be involved in transcription of 
genes coding for peptides that are transported to mitochondria. Starting from these basal data, follow-
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up experiments can be designed to assess the functional importance of these motifs for regulation of 
transcription of the UbCKmit gene. Such studies may also contribute to a better understanding of the 
function of this enzyme. 
Isolation of the mouse UbCKmit gene also enabled the construction of a targeting vector for 
homologous recombination experiments in mouse embryonic stem cells (chapter 3). At that time, 
gene targeting and ES cell culture were not as straightforward methods as they appear nowadays. 
Therefore, the design of the UbCKmit targeting vector was based simply on replacing a genomic 
region encompassing the essential cysteine residue with a positive selection cassette. In the initial 
transfection experiments this vector proved to be very efficient. One out of twelve antibiotic resistant 
colonies was properly targeted. By submitting the targeted ES cells to high concentrations of 
antibiotics, gene conversion events were induced and several of the surviving colonies had replaced 
the wild-type UbCKmit allele with the mutant one. RNA and protein analysis of these clones showed 
that UbCKmit expression was indeed absent. Since the UbCKmit gene is expressed in ES cells, the 
OXPHOS capacity of the mutant cells and the mitochondrial ultrastructure in differentiated 
derivatives thereof were analyzed. Neither of these characteristics were found to be different from 
wild-type cells. 
Targeted ES cells from four different clones were injected into recipient blastocysts. Chimaeric 
animals could be generated and males of one clone were able to transmit the mutation to their 
offspring. Because we expected that a functional CK/PCr system would be crucial for motility of 
spermatozoa, it was a surprising finding that breeding couples of heterozygous males and females 
generated offspring with both UbCKmit alleles mutated at normal frequencies (chapter 4). Analysis of 
total RNA and protein from brain of homozygous mutant mice confirmed that these animals indeed 
do not express functional UbCKmit enzyme. UbCKmit expression is widespread in normal adult 
mammalian tissues, including several cell types in brain, stomach, intestine, kidney, epididymis, 
uterus, placenta, and retina. However, the appearance and behaviour of UbCKmit deficient mice is 
similar to wild-types. Again surprising, couples of homozygous mutant mice were able to generate 
and raise normal numbers of pups. UbCKmit was found to be indeed expressed in normal epididymis 
and spermatozoa of the mouse, but its ablation did not result in abnormal spermatozoan motility 
patterns. Two additional processes that are known for their high energy requirements, pregnancy and 
delivery, also proceded in a normal timespan in UbCKmit deficient females. In conclusion, we can 
state that UbCKmit function is not obligatory for mouse viability, fertility, maintenance of 
pregnancy, or delivery. 
A large fragment of the mouse sarcomeric CKmit gene (ScCKmit) was isolated and used to 
construct a targeting vector. Again via gene targeting, mice deficient in ScCKmit subunits were 
generated (chapter 5). These mice were subjected to various methods of analysis. Myofibrillar 
ultrastructure was normal as well as the appearance of the mitochondria. The force generated by 
ScCKmit deficient muscles during short periods of electrical stimulation was comparable to wild-
types. Because CKmit is expected to become crucial when mitochondrial energy production is 
demanded, ultimately endurance exercise protocols should be applied to give more insight into the 
role of CKmit in aerobic energy production. More surprisingly, thus far we have not been able to 
detect any malfunctioning of ScCKmit deficient mitochondria. Compensatory mechanisms may exist 
that we have not been able to detect, or alternatively, our findings may suggest that ScCKmit 
functions merely as a back-up system for extreme challenges of the system, which are only met in 
nature and not under the standard housing conditions of our animals. Whichever will be true, both 
the UbCKmit and the ScCKmit deficient mice can serve as new model systems for approaches 
attempting to unravel the mitochondrial end of the energy conversion pathways. 
Previously, mice had been generated at our laboratory which lack the cytosolic muscle specific (M-
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CK) isoenzyme. Breeding these mice with the new ScCKmit mutants generated animals in which the 
mitochondrial and cytosolic end points of the CK system were simultaneously ablated (chapter S). 
Quite surprisingly, even in complete absence of M-CK and ScCKmit isoenzymes muscles contain PCr 
at relatively normal levels. This PCr pool might either be a remnant of PCr produced by CKBB 
during foetal development, or it may be produced by an unknown biochemical pathway. However, 
this PCr can no longer serve as a high-energy phosphate reservoir when the muscle is stimulated. 
Experiments designed to study the force capacity of muscles showed that double mutant muscles, just 
as muscles missing only M-CK, lack burst activity. But instead of the enhanced endurance 
performance of the M-CK deficient mice, total CK deficiency results in further loss of force 
generation. Additional experimentation showed that the lack in burst activity in M-CK- and double 
deficient muscles probably originates from an impaired excitation-contraction coupling. Although we 
have not obtained formal proof, it is tentative to speculate that an altered regulation of Ca2+-influx is 
involved in this phenomenon. At the ultrastructural level an unusual hyperproliferation of 
sarcoplasmic reticulum membranes resulting in the appearance of tubular aggregates was observed. 
The sarcoplasmic reticulum is the major myofibrillar calcium store and it is actively involved in 
calcium regulation. As tubular aggregates are common clinical manifestations in human myopathies, 
for example in all types of periodic paralyses, malignant hyperthermia and other diseases with 
disturbed ion balances, our findings again strongly suggest that there is an intimate linkage between 
the CK/PCr system and the regulation of intracellular ion homeostasis. 
Approximately one year ago, Jan van Deursen stated in his thesis that generation and characterization 
of the M-CK mutant mice had answered some questions, but had raised many more. Three more 
mouse models along the way, the main conclusion is no different. Questions still to be answered are: 
Is mitochondrial function completely normal when CKmit activity is absent? If so, what is the 
contribution of these highly conserved isoenzymes to cellular energy metabolism? If not, when will 
CKmit deficiency become relevant for those tissues that largely depend on mitochondrial oxidative 
phosphorylation, i.e. heart and specialized cells in the brain? Thus far we have not been able to 
detect structural or functional abnormalities from, nor a compensatory mechanism for CKmit 
absence. Another interesting question that remains is how ScCKmit contributes to the energy 
homeostasis of distantly located subcellular compartments when a functional CK/PCr shuttle is 
absent, as was seen in the M-CK deficient mice. Very detailed longitudinal studies will therefore be 
necessary to reveal discrete differences in mitochondrial function, as specific features may go 
unnoticed due to the plasticity of cellular energy metabolism. Fortunately, not only questions remain. 
Results obtained from extended studies on the M-CK knock-out and the first experiments on the 
double mutant mice, suggest a distinct role for the CK/PCr system in regulation of ion homeostasis 
during the excitation-contraction coupling proces. 
Taken together, we have provided the "CK-community" with exciting new mouse models. Still, 
one will have to bear in mind that these are not only mice depleted of one or two CK isoenzyme(s), 
but that the phenotype is also largely determined by alterations in the developmental programmes that 
have been induced by the genetic lesions. The plasticity of muscle tissue was already evident in the 
M-CK knock-out, but is even more pronounced in the double mutants. These adaptational changes 
also render the attribution of an altered function to a primary effect of the absence of the protein 
difficult. Since the plasticity of nerve tissue is, in general, considered to be less than that of muscle 
tissue, the future B-CK knock-out model may provide more direct answers as to the significance of 
the CK/PCr system. Undoubtly, an extensive interdisciplinary approach will provide new insights 
into the regulatory principles of phosphoryl transferring systems in connecting sites of ATP 
production and utilization. 
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Samenvatting 
Alle processen die zich in een levend organisme afspelen kosten energie. Hierbij kan men o.a. 
denken aan spierarbeid, de overdracht van zenuwprikkels, het ontwikkelen van lichaamswarmte, de 
synthese en afbraak van allerlei biomoleculen, en het handhaven van de ion balans. De noodzakelijke 
energie hiervoor komt vrij bij de afbraak van een hoogenergetisch molecuul, het adenosinetrifosfaat 
(ATP) tot adenosinedifosfaat (ADP): ATP = > ADP + P¡ + energie. Omdat de direct beschikbare 
voorraad ATP in een cel maar beperkt is moeten er nieuwe moleculen ATP aangemaakt worden om 
arbeid te kunnen blijven verrichten. Als een soort noodvoorziening heeft een cel een voorraad 
fosfocreatine (PCr) opgeslagen. Door het enzym creatine kinase wordt de fosfaatgroep van 
fosfocreatine overgedragen naar ADP, zodat een nieuw molecuul ATP ontstaat. De voorraad PCr kan 
echter maar gedurende vijf tot zeven seconden worden aangesproken, en is dus vooral belangrijk voor 
kortdurende intensieve arbeid. Een langduriger aanmaak van ATP is mogelijk door een proces dat 
met glycolyse aangeduid wordt. In het cytoplasma van de cel wordt glucose afgebroken tot melkzuur 
waarmee een spier ongeveer veertig seconden een zware inspanning kan leveren. Voor het verrichten 
van zeer langdurige arbeid is een cel aangewezen op de activiteit van mitochondriën, de 
energiefabriekjes van de cel. Mitochondriën gebruiken de reacties van de citroenzuurcyclus en de 
ademhalingsketen om suikers en vetten om te zetten in koolstofdioxide en water. In tegenstelling tot 
de PCr hydrolyse en de glycolyse is zuurstof onontbeerlijk voor de mitochondriële ATP productie. 
Deze wijze van energie aanmaak wordt dan ook oxidatieve fosforylering (OXFOS) genoemd. 
Om alle biologische processen zo efficiënt mogelijk te laten verlopen is het voor elke cel dus 
noodzakelijk om een uitgebalanceerde energiehuishouding te voeren. Vooral in cellen met hoge en 
fluctuerende energie behoeftes zijn daarvoor stricte controle mechanismen nodig. De enzymen die 
behoren tot de familie van de creatine kinases (CKs) zijn nauw verbonden met die plaatsen in de cel 
waar ATP geproduceerd en verbruikt wordt. Deze enzymen (in totaal vijf isovormen in de meeste 
zoogdieren) worden dan ook belangrijk geacht voor de cellulaire energie huishouding. Van de vijf 
CKs bevinden zich er drie in het cytoplasma: CKMM, CKMB, en CKBB. Dit zijn dimeren van 
eenheden, M-CK (M = muscle = spier) en B-CK (B = brain = hersenen) die worden gecodeerd 
door twee aparte genen. Twee andere genen coderen voor creatine kinase enzymen die in de 
mitochondriën voorkomen (CKmit): het spierspecifieke (sarcomere, ScCKmit) en de algemeen 
voorkomende vorm (ubiquitair, UbCKmit). Creatine kinases katalyseren de onderlinge uitwisseling 
van energierijke fosfaten tussen ATP en fosfocreatine : ATP + Cr < = > ADP + PCr. Er zijn 
verschillende functies aan het CK/PCr systeem (dit zijn de isoenzymen met hun substraten) 
toegeschreven. Deze omvatten o.a. het bufferen van ATP verbruik door de voorraad PCr aan te 
spreken, het transporteren van energie van de plaats van productie (glycolyse en mitochondriën) naar 
de plaats van verbruik (door de zgn. ATPasen), en verder het handhaven van optimale ATP/ADP 
verhoudingen op verschillende plaatsen binnen de cel. De studies zoals beschreven in dit proefschrift 
zijn gebaseerd op de meest directe wijze om de biologische en fysiologische relevantie van het 
CK/PCr systeem te bestuderen, namelijk door uit te gaan van het gehele organisme of de intacte cel. 
De gekozen aanpak was om muizen te genereren waarin een mitochondriële CK isovorm niet meer 
wordt geproduceerd. Hiervoor wordt eerst een CKmit gen geïnactiveerd via homologe recombinatie 
(gen 'targeting') in embryonale stam cellen van de muis. Deze cellen kunnen worden geïnjecteerd in 
een muize embryo van drie dagen oud wat vervolgens wordt geïmplanteerd in een schijnzwangere 
draagmoeder. De pups die worden geboren bestaan uit een mozaïek van normale cellen en cellen met 
een inactief CKmit gen. Wanneer ook de geslachtscellen een copie van het inactieve CKmit gen 
bevatten, kan dit doorgegeven worden aan de nakomelingen. Uiteindelijk worden dan muizen geboren 
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met een deficiëntie van een CKmit enzym. 
Een groot aantal publicaties hadden een belangrijke rol voor CKmit aangetoond in de regulatie van 
ADP/ATP verhoudingen in de mitochondriële tussenmembraan ruimte. Daarom werd verwacht dat 
afwezigheid van CKmit zou leiden tot een verminderde mitochondriële oxidatieve fosforylering 
(OXFOS). Verder zouden deze muizen ook het meest geschikte model vormen om de transportfunctie 
van het CK/PCr systeem te onderzoeken. 
Toen we met deze studies begonnen was de DNA base volgorde van het menselijke UbCKmit gen 
gepubliceerd. Daardoor konden we een UbCKmit specifieke probe maken en het complete UbCKmit 
gen van de muis isoleren. Omdat nog maar weinig bekend was over de regulatie mechanismen van 
dit gen, zijn we gestart met gen karakterisatie studies (hoofdstukken 2 en 3). Door in situ hybridisatie 
op metafase chromosomen kon het UbCKmit locus geplaatst worden op het menselijke chromosoom 
15, regio ql5, en op muis chromosoom 2, banden F1-F3. Omdat er meerdere genen liggen op deze 
chromosomale segmenten, die vergelijkbaar zijn in mens en muis, blijkt dat deze regio's sterk zijn 
geconserveerd. Het gen voor het andere mitochondriëel CK, het spier-specifieke ScCKmit, ligt op 
chromosoom 5 van de mens. Naast de beide CKmit genen zijn nog een aantal andere isogen koppels 
gelocalizeerd op dezelfde regio's van de menselijke chromosomen 5 en 15. Waarschijnlijk is een 
verdubbeling van een enkel chromosoom segment, waarbij meerdere genen betrokken waren, vooraf 
gegaan aan het ontstaan van de UbCKmit en ScCKmit genen. 
Vervolgens werd de DNA base volgorde van het gehele UbCKmit gen van de muis bepaald, 
inclusief 2.5 kilobasen (kb) stroomopwaarts gelegen DNA (hoofdstuk 3). De genomische organisatie, 
negen exons verspreid over 5.5 kb, is vergelijkbaar met de situatie in de mens en de exonen van 
muis, mens, en rat zijn sterk geconserveerd. In het 2.5 kb stroomopwaartse gebied is gezocht naar 
specifieke base volgorde elementen die een rol zouden kunnen spelen in de regulatie van het 
UbCKmit gen. De bekende TATAA- en CAATT boxen niet aanwezig zijn in de UbCKmit promoter 
regio. In plaats daarvan is de stroomopwaartse regio erg GC-rijk en bevat deze enkele SPI en AP2 
motieven, als ook een HIP-1 box. Middels SI nuclease protectie experimenten konden we aantonen 
dat de transcriptie van dit gen op meerdere plaatsen gestart wordt. Het UbCKmit gen vertoont aldus 
een aantal kenmerken die karakteristiek zijn voor genen die coderen voor huishoud eiwitten. Verder 
werden er drie boxen geïdentificeerd waarvan verondersteld wordt dat ze de transcriptie beïnvloeden 
van genen welke coderen voor peptiden die naar de mitochondriën worden getransporteerd. Door 
deze initiële studies kunnen nu vervolg experimenten ontwikkeld worden om een beter inzicht te 
verkrijgen in de exacte rol van deze motieven voor de transcriptie regulatie van het UbCKmit gen. 
Zulke studies zullen tevens bijdragen aan een beter begrip van de functie van dit enzym. 
Door de isolatie van het UbCKmit gen van de muis konden we een 'targeting' vector maken voor 
homologe recombinatie experimenten in embryonale stam (ES) cellen van de muis (hoofdstuk 3). Op 
dat moment waren gen 'targeting' en ES cel kweken niet zo'n rechtlijnige procedures als ze op 
vandaag lijken. Daarom was het ontwerp van de UbCKmit 'targeting' vector eenvoudig gebaseerd op 
het vervangen van de regio die codeert voor het actieve cysteine aminozuur door een positieve 
selectie cassette. In de eerste transfectie experimenten bleek deze vector erg efficiënt te werken. In 
één van de twaalf antibioticum resistente kolonies was een normale copie van het UbCKmit gen 
vervangen door een inactieve copie. Door deze ES cellen te kweken in de aanwezigheid van een hoge 
concentratie antibioticum, werden processen geïnduceerd waardoor ook de resterende normale copie 
werd vervangen door een inactieve UbCKmit copie. Deze cellen hebben dus geen actief UbCKmit 
gen meer. RNA en eiwit analyzes toonden aan dat UbCKmit inderdaad niet meer tot expressie komt. 
Omdat onder normale omstandigheden UbCKmit in ES cellen wel wordt geproduceerd, werd de 
OXFOS capaciteit van de mutante cellen bestudeerd, als ook de mitochondriële ultrastructuur in 
gedifferentieerde cellen. Echter, beiden waren ze vergelijkbaar met wild-type cellen. 
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Van vier verschillende kloons werden mozaïek muizen gegenereerd en uiteindelijk hebben 
mannetjes van één kloon de mutatie aan hun nakomelingen doorgegeven. De verwachting was dat een 
functioneel CK/PCr systeem noodzakelijk zou zijn voor de beweeglijkheid van de spermacellen. Het 
was daarom verrassend dat uit kruisingen tussen muizen met één inactieve UbCKmit copie, 
nakomelingen werden geboren waarvan allebei de UbCKmit copiën gemuteerd waren. Analyse van 
RNA en eiwit, geïsoleerd uit hersen weefsel van deze muizen, bevestigde dat er inderdaad geen 
functioneel UbCKmit enzym geproduceerd kan worden. UbCKmit wordt in volwassen zoogdieren in 
vele weefsels tot expressie gebracht, waaronder verschillende types cellen in de hersenen, maag, 
darmen, nier, zaadblaas, baarmoeder, placenta, en netvlies. Echter, UbCKmit deficiënte muizen zijn 
ogenschijnlijk niet verschillend van normale muizen, ook niet in hun gedrag. Alweer verrassend was 
dat koppels van deze mutante muizen in staat waren normale aantallen pups voort te brengen. We 
konden aantonen dat UbCKmit inderdaad in de normale zaadblaas en spermacellen van de muis tot 
expressie komt. Echter, afwezigheid van actief UbCKmit enzym leidde niet tot abnormale bewegings 
patronen van de spermacellen. Twee andere processen die veel energie kosten, zwangerschap en 
bevalling, verliepen ook in een normale tijdsduur in UbCKmit deficiënte vrouwtjes. Concluderend 
kunnen we stellen dat de afwezigheid van UbCKmit geen directe gevolgen heeft voor de 
levensvatbaarheid, vruchtbaarheid, zwangerschap, of bevalling van muizen. 
Ondertussen was een groot fragment van het spier-specifieke ScCKmit gen geïsoleerd en gebruikt 
om een 'targeting' vector van te maken. Alweer via gen 'targeting' werden muizen gegenereerd met 
twee inactieve copiën van het ScCKmit gen (hoofdstuk 5). De gevolgen van de ScCKmit deficiëntie 
werden middels veel verschillende methodes onderzocht. De ultrastructuur van de spiervezels en van 
de mitochondriën was normaal. De kracht die de spieren konden genereren gedurende korte periodes 
van electrische stimulatie was ook vergelijkbaar met die van wild-type muizen. Omdat CKmit vooral 
van belang wordt geacht wanneer de cellen een beroep moeten doen op de mitochondriën voor hun 
ATP productie, zullen experimenten uitgevoerd moeten worden waarin langdurige arbeid verricht 
wordt. Een dergelijke opzet zal meer inzicht kunnen verschaffen in de rol van CKmit in de oxidatieve 
energie productie. Zeer verrassend is dat we tot op heden geen verminderde activiteit van de 
ScCKmit deficiënte mitochondriën hebben kunnen meten. Een mogelijke verklaring voor deze 
resultaten is dat mitochondriën compensatie mechanismen tot hun beschikking hebben die we nog niet 
hebben kunnen detecteren. Een alternatieve verklaring zou kunnen zijn dat ScCKmit vooral een 
ondersteunende functie heeft en alleen noodzakelijk wordt bij extreme uitdagingen die alleen in de 
wilde natuur voorkomen. Zulke eisen worden niet gevraagd onder de standaard omstandigheden 
waarin de dieren in het laboratorium gehuisvest zijn. Welke optie ook de ware zal blijken te zijn, 
zowel de UbCKmit als de ScCKmit deficiënte muizen voorzien in een nieuwe aanpak voor de 
bestudering van het mitochondriële eind van het CK/PCr systeem. 
Voorheen waren op ons laboratorium muizen gegenereerd die het spier-specifieke cytosolische M-
CK enzym missen. Door kruisingen van deze muizen met de nieuwe ScCKmit mutanten konden 
muizen gegenereerd worden waarin de mitochondriële en cytosolische eindpunten van het CK 
systeem tegelijkertijd uitgeschakeld waren (hoofdstuk 5). Geheel onverwachts bleek dat zelfs wanneer 
deze beide CK enzymen afwezig zijn, de spieren nog steeds een ongeveer normale hoeveelheid PCr 
bevatten. Deze voorraad zou een restant kunnen zijn van PCr dat wordt geproduceerd door CKBB 
tijdens de embryonale ontwikkeling, of het zou geproduceerd kunnen worden via een nog onbekende 
biochemische route. Echter, dit PCr kan niet meer dienst doen als ATP buffer wanneer de spier 
gestimuleerd wordt. In experimenten waarin het kracht vermogen van spieren kan worden bepaald, 
bleek dat de dubbel mutante spieren, net zoals de spieren die alleen M-CK missen, geen explosief 
vermogen meer hebben. Spieren die alleen het M-CK enzym missen hebben zich echter zodanig aan 
kunnen passen dat bij langdurige stimulatie de gegenereerde spierkracht hoger is dan in normale 
132 
muizen. Deze aanpassing is afwezig als tevens het ScCKmit uitgeschakeld is, zodat totale CK 
deficiëntie resulteert in additioneel verlies van kracht vermogen. Zeer nauwkeurige metingen van het 
verloop van de kracht ontwikkeling toonden aan dat het verlies in explosief vermogen in M-CK en 
dubbel deficiënte spieren waarschijnlijk het gevolg is van een verminderde activatie van de spiercel. 
Overdracht van een zenuwprikkel op de spier gaat normaal gepaard met het vrijkomen van calcium 
ionen in de spiercel, waardoor uiteindelijk de spier samen kan trekken en kracht kan leveren. Deze 
keten van processen wordt excitatie-contractie koppeling genoemd. In afwezigheid van M-CK enzym 
is de ontwikkelde spierkracht al na 25 miliseconden duidelijk lager dan in wild-type spieren. 
Alhoewel we nog geen formeel bewijs hebben, kunnen we voorzichtig speculeren dat een veranderde 
regulatie van de calcium-influx betrokken is bij dit fenomeen. Ultrastructureel bleek een enorme 
toename van de membranen van het sarcoplasmatisch reticulum op te zijn getreden; zgn. tubulaire 
aggregaten werden zeer vaak waargenomen. Het sarcoplasmatisch reticulum is de beangrijkste 
opslagplaats voor calcium in de spier en het is actief betrokken bij de regulatie van de calcium 
huishouding. Tubulaire aggregaten worden ook aangetroffen bij bepaalde spierziekten in de mens, bij 
voorbeeld bij alle vormen van periodieke verlammingen, bij maligne hyperthermic, en tevens bij 
andere ziekten met een verstoorde ion balans. Ook deze resultaten suggereren dat het CK/PCr 
systeem en de regulering van de intracellulaire ion huishouding nauw met elkaar zijn verbonden. 
Ongeveer één jaar geleden stelde Jan van Deursen in zijn proefschrift dat de ontwikkeling en 
karakterisatie van de M-CK mutante muizen wel enkele vragen had beantwoord, maar nog meer 
vragen had opgeworpen. Drie muize modellen verder is de uiteidelijke conclusie niet anders. 
Voorbeelden van nog onbeantwoordde vragen zijn: functioneren de mitochondriën echt volkomen 
normaal als CKmit afwezig is? Zo ja, wat is dan de bijdrage van deze sterk geconserveerde enzymen 
aan het cellulaire energie metabolisme? Zo niet, wanneer wordt de CKmit deficiëntie voelbaar voor 
die cellen en weefsels die sterk afhankelijk zijn van de mitochondriële oxidatieve fosforilering, 
bijvoorbeeld het hart en gespecialiseerde cellen in de hersenen. Tot dusver hebben we geen 
structurele of functionele afwijkingen van, of compensatie mechanismen voor, CKmit afwezigheid 
kunnen ontdekken. Een andere interessante vraag die nog open blijft is hoe ScCKmit bij kan dragen 
aan de energie balans in subcellulaire compartimenten die verder weg in de cel gelegen zijn wanneer 
een functioneel Cr/PCr transport mechanisme afwezig is, zoals bijvoorbeeld in de M-CK deficiënte 
muizen. De plasticiteit van het cellulaire energie metabolisme maskeert mogelijk specifieke 
kenmerken zodat zeer gedetailleerde studies noodzakelijk zijn om discrete verschillen in 
mitochondriële functie te kunnen detecteren. Gelukkig blijven niet alleen vragen over. De 
veronderstelde koppeling tussen het CK/PCr systeem en het excitatie-contractie koppelings proces 
bedeelt deze familie van enzymen met een nog niet eerder gepostuleerde functie en opent verrassende 
nieuwe onderzoeksmogelijkheden. 
Samenvattend kunnen we stellen dat we de 'CK gemeenschap' hebben voorzien van spannende 
nieuwe muize modellen. Men moet echter beseffen dat dit niet alleen muizen zijn die één of twee CK 
enzymen missen, maar dat de aangebrachtte genetische lesies ook veranderingen induceren in de 
ontwikkelings programma's van de muizen. De flexibilteit van spier weefsel bleek al in de M-CK 
knock-out muis, maar is nog duidelijker in de dubbele mutant. Dergelijke adaptaties bemoeilijken de 
directe toeschrijving van een specifiek effect aan de afwezigheid van het eiwit. Omdat de plasticiteit 
van zenuw weefsel in het algemeen verondersteld wordt veel minder te zijn, is de toekomstige B-CK 
deficiënte muis mogelijk een geschikter model voor de bestudering van de significantie van het 
CK/PCr systeem. Ongetwijfeld zal een grootschalige aanpak leiden tot nieuwe inzichten in de 
regulerende functie van fosfaat transporterende systemen in de communicatie tussen de plaatsen van 
ATP productie en ATP verbruik. 
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